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SUMMARY 
 
This thesis presents a comparative investigation of the properties of two polyamine, 
namely poly(vinyl amine) (PVAm) and poly(ethyleneimine) (PEI). Hence, these polymers 
have been used for the preparation of devices with potential application in the (bio)medical 
field.  
In a first attempt, the preparation of water-insoluble PVAm mats of electrospun 
nanofibers is reported. The effect of the solution concentration, flow rate, voltage and distance 
between nozel and collector on the fiber quality, diameter morphology and stability are 
investigated. Mats with bactericidal activity were obtained and may be interesting for 
applications such as water filtration, tissue recovery, medical bandaging. 
Poly(tetrafluoroethylene) (PTFE) vascular grafts modification by means of PEI 
coverage is also presented in this work. PEI is investigated as precursor for star-poly(ethylene 
glycol) (star-PEG) grafting, which aims at imparting the surface with resistance to clot 
formation.  Results from the stability, chemical composition and morphology testing of the 
surface of the grafts before and after coating is presented. Their resistance to protein 
adsorption, as main factor for clot formation, is studied at in vitro conditions with Bovine 
Serum Albumin as model protein.  
Although aside of the main topic of this thesis, the activation of the surface of inert 
polymers by atmospheric pressure glow plasma jet (APGPJ) is investigated for polypropylene 
(PP) as model surface. This study is oriented towards investigation of the temperature induced 
by the plasma at the level of the PP surface and its effect on the surface topography. Hence, 
APGPJ is exploited as very mild plasma to which selected chemical compoumds can be added 
to be pinned to a surfaces without major decomposition or oxidation. Different gas mixtures 
(argon; argon/nitrogen; argon/ammonia) and forward powers are tested in order to determine 
the optimal and less aggressive treatment conditions. 
Later, the APGPJ technique is applied for the coating of PP surface with branched-PEI 
by (i) standard dip-coating and (ii) solution-activated plasma-spraying. For the first two-steps 
approach, APGPJ activated PP samples are dip-coated by crosslinked, chemically grafted PEI 
coating. For the second one, the ability to form a PEI coating on the unmodified PP surface in 
- 18 - 
 
one step is investigated. Hence, PP-surface activation, PEI spraying and grafting are 
simultaneously performed. The chemical composition, stability and morphology of the 
formed coatings are investigated in comparative manner. The bactericidal activity of the 
formed coatings is tested in comparison with a PP surface modified only by APGPJ. 
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Zusammenfassung 
In dieser Arbeit wird eine vergleichende Untersuchung der Eigenschaften von zwei Polyamin-
Materialien vorgestellt, und zwar Polyvinylamin (PVAm) und Polyethylenimin (PEI). Diese 
Polymere können zur Herstellung von Komponenten für mögliche Anwendungen im (bio-) 
medizinischen Bereich eingesetzt werden. 
Im ersten Teil wird über die Herstellung von in Wasser unlöslichen PVAm-Matten berichtet, 
die aus elektrogesponnenen Nanofasern gebildet werden. Der Einfluss der Konzentration der 
Lösung, der Fließgeschwindigkeit, der elektrischen Spannung und dem Düse-Kollektor 
Abstand auf die Qualität der Fasern, deren Durchmesser und Morphologie sowie ihrer 
Stabilität wird untersucht. Die erhaltenen Polymer-Matten zeigen bakterizide Aktivität und 
können daher interessant sein für verschiedene Anwendungen, wie z.B. Wasserfiltration, 
Gewebe-Rückgewinnung und medizinisches Verbandsmaterial. 
Weiterhin werden in dieser Arbeit auch aus Polytetrafluorethylen (PTFE) hergestellte 
Gefäßtransplantate vorgestellt, die durch eine Belegung mit PEI modifiziert sind. PEI wird als 
Vorstufe für Stern-polymerisiertes Ethylenglykol (Stern-PEG) untersucht, dessen Pfropfung 
an die Oberfläche der Transplantate erhöhte Resistenz gegen Blutgerinnsel ermöglichen. 
Ergebnisse zur Stabilität, chemischen Zusammensetzung und Morphologie der 
Beschichtungen auf der Oberfläche der Transplantate werden vor und nach der Behandlung 
vorgestellt. Die Resistenz gegen Proteinadsorption als Hauptfaktor zur Bildung von 
Blutgerinnseln wird bei in vitro-Bedingungen mit Rinderserumalbumin als Modell-Protein 
untersucht. 
Neben dem Hauptthema dieser Arbeit wird am Beispiel von Polypropylen (PP) als Modell-
Oberfläche für inerte Polymere ebenfalls die Aktivierung einer bei atmosphärischen Druck 
durchgeführten Plasmabehandlung (Engl.: atmospheric pressure glow plasma jet, APGPJ) 
untersucht. Diese Studie dient zur Untersuchung der Auswirkungen der vom Plasmastrahl 
erzeugten Temperatur auf die Oberfläche des PP sowie dessen Wirkung auf die 
Oberflächentopographie. Zur Bestimmung der optimalsten und am wenigsten aggressiven 
Behandlung werden unterschiedliche Gasgemische (Argon, Argon/Stickstoff, 
Argon/Ammoniak) sowie verschiedene elektrische Stromstärken getestet. 
Im Weiteren wird die APGPJ-Technik zur Beschichtung von verzweigten PEI auf PP-
Oberflächen verwendet, und zwar durch (i) Standard-Tauchbeschichtung und (ii) Plasma-
Flammspritzen. APGPJ funktionalisierte PP-Proben werden im ersten Schritt des zweistufigen 
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Prozesses mithilfe von vernetzten und chemisch gepfropften PEI tauchbeschichtet. Im 
zweiten Schritt wird dann untersucht wie sich die PEI-Beschichtung auf der unmodifizierten 
PP-Oberfläche bilden kann. Dabei werden die Aktivierung der PP-Oberfläche, das PEI-
Flammspritzen und die Pfropfung gleichzeitig durchgeführt. Die chemische 
Zusammensetzung, die Stabilität und die Morphologie der gebildeten Beschichtungen werden 
untersucht und Unterschiede heraus gearbeitet. Die bakterizide Aktivität der gebildeten 
Beschichtungen wird untersucht im Vergleich zu einer nur durch APGPJ modifizierten PP-
Oberfläche. 
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GENERAL INTRODUCTION 
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1.1) Polyelectrolytes – definition, classification, structure, origin  
Polyelectrolytes are a class of polymers that have pendant salt groups, which dissociate 
in polar solvents, such as water, forming charged moieties along the polymer backbone and 
releasing counterions in the solution [1,2]. The dual character of highly charged electrolytes 
and of macromolecules is determinant for their interesting properties. 
Depending on the temperature, pH and ionic strength of the solution, the ionisable 
groups from the polyelectrolyte molecule may be ionized to various degrees. When ionized, 
these groups are surrounded by counterions, bearing the opposite charge and forming an ionic 
sphere around the molecule [3].  
Polyelectrolytes may be classified according to their origin, charge and molecular 
architecture. 
 
1.1.1) Classification of polyelectrolytes in respect to their electrochemical charge 
Whatever their origin, polyelectrolytes may be classified according to the charge of 
their covalently fixed ions, as anionic, cationic, and amphoteric [3].  
Typically the anionic polyelectrolytes are polyacids, i.e. polyacrylic acid (PAA) or 
hyaluronic acid, whilst the polycationic polyelectrolytes are polybases bearing ammonium 
groups, i.e. polyvinylamine (PVAm), poly(ethyleneimine) (PEI) or chitosane. The amphoteric 
polyelectrolytes are of polyampholytic (i.e. zwitterionic) nature. Proteins are some 
representative examples for amphoteric polyelectrolytes, since they bear basic amine- and 
acidic carboxylic- groups. Some synthetic polyelectrolytes copolymers are also 
polyampholytes. 
 
1.1.2) Classification of polyelectrolytes in respect to their molecular architecture 
Similarly to neutral polymers, the polyelectrolytes may also be divided in polymeric 
and oligomeric, with high and low molar mass, respectively, depending on their degree of 
polymerization. On the other hand, their molecules may have linear (ex. linear PEI) or 
branched (ex. branch PEI) structure, depending on their architecture (Fig. 1). Variations in the 
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sequence of the monomeric units upon constructing a copolymer macromolecule will lead to 
the formation of random, alternating and block polyelectrolytes (Fig. 2) [4]. 
 
 
Figure 1: Polymer molecular architectures – (A) linear; (B) branched polymers 
 
 
Figure 2: Monomer sequences in copolymer molecules – (A) random; (B) alternating; (C) block 
copolymers 
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1.1.3) Classification of polyelectrolytes in respect to their origin 
Polyelectrolytes are of essential importance for life and are found in various forms and 
with various chemical compositions in human and animal body, plants and bacteria. These 
natural polyelectrolytes can be derived from the respective sources and may be used for 
various applications, sometimes after further modification. Recently, polyelectrolytes such as 
chitosan (Fig. 3 –A), hyaluronic acid (Fig. 3 -B), chondroitin sulphate and others have gained 
an enormous interest for the fabrication of biodegradable tissue scaffolds [4], ophthalmic 
viscoelastic devices [5], artificial joints [6] and other devices and implants.  
 
A B  
Figure 3: Molecular formula of (A) chitosan and (B) hyaluronic acid 
 
The natural origin of these polyelectrolytes is their main advantage and limitation. 
Their extraction from biological organisms is considered as non-polluting the environment 
and with enormous future potential. However, their properties, such as molar mass, degree of 
ionization, solution viscosity, etc. are varying from batch to batch and a risk of biological 
contaminants (pyrogens, residual proteins, etc.) exists [5], which is limitating factor for their 
biomedical application and scientific approval. 
Therefore, synthetic polyelectrolytes, obtained by chemical modification and 
derivatization of petrochemical products, are considered as more suitable in terms of 
properties control [7]. The controlled mechanisms of their synthesis via anionic, cationic and 
radical polymerization techniques result in macromolecules with well-known macromolecular 
architecture, which makes them model systems for scientific research [7]. Most of these 
polymers can be synthesized in large scales, rendering them good candidates for industrial 
[7,8] and biological [3,9] application as well. 
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In a non-exhaustive attempt, Mortimer [7] divided the synthetic polyelectrolytes in 
acrylamide, allyl and vinyl homo- and copolymers, polyethylene imines and quaternary 
polyamines. This classification is presented the in subsequent paragraphs with slight 
modification.  
 Acrylamide homopolymers are produced by free radical polymerization of 
acrylamide monomer, initiated by redox couples, thermal or UV azo-initiators (Scheme 1). 
The homopolymer itself is not a polyelectrolyte, but ionic groups can be introduced by 
hydrolysis or “Mannich” reaction (Scheme 2).[7] 
 
 
Scheme 1: Synthesis of polyacrylamide 
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Scheme 2: Derivatization of polyacrylamide to quaternary Mannich base 
 Acrylamide copolymers and derivatives are usually obtained by partial or complete 
hydrolysis of the amide functionality of polyacrylamide homopolymers and the formation of a 
copolymer containing acrylate groups.  
 Vinyl homopolymers and copolymers are usually prepared by radical polymerization 
of N-vinylformamide monomers. Polyamines possessing primary amine groups are especially 
interesting, because they can be modified by selected substances, such as crosslinkable 
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functionalities [10], active principles [11], enzymes [12], by chemical or physical means in 
order to impart them with desired properties. PVAm is the polymer with the highest content 
of amine groups, one for each alternate carbon atom, available to date and is the lowest 
homologue from the aminated vinylic polymers [13]. This polymer distinguishes with good 
solubility in water and lower alcohols, such as methanol and ethanol. Its polymer chain 
consists of vinylamine monomer units. However the monomer for its direct synthesis, i.e. 
vinylamine, is unavailable, because it tautomerises to acetaldehyde imine (i.e. reversibly 
changes its chemical structure from keto- to enol- form), hence direct polymerization is 
impossible. Various synthetic routes have been tested ranging from acrylic acid via Schmidt 
reaction [13] to polyacrylamide via Hoffman reaction [14-18]. Incomplete amine formation, 
as a result of incomplete conversion of the carboxylic acid and amide moieties to amine, chain 
scission and numerous side reactions are some of the main drawbacks of these methods. The 
synthesis of PVAm by hydrolysis of poly(N-vinylimide)s [19-21], poly(N-vinylcarbamide)s 
[22] and poly(vinylacetamide) [23] was also tested in other attempts.  
In the last few decades, however, PVAm is commercially produced by hydrolysis of 
the low cost poly(N-vinylformamide) (PNVF) [7,10,13,14,24-27]. The monomer NVF is very 
well soluble in water and in most organic solvents. However, the polymer PNVF is soluble in 
water, but insoluble in most other solvents, except formamide, ethylene glycol and 
dimethylsulfoxide (at elevated temperature). Radical polymerization by solution, 
precipitation, suspension or inverse emulsion techniques, is performed using most common 
redox, thermal or radiation triggered initiators. 
High molecular weight PNVF is usually obtained by free radical polymerization, 
whereas cationically synthesized molecules have oligomeric molar masses. These two 
techniques give PVAm polymers with molecular masses in the range 800 – 400 000 g/mol 
[10,28,10].   
Generally, for commercial purposes, PNVF is hydrolyzed to PVAm either under 
acidic or by means of basic conditions [7,10,24]. With acidic conditions (Scheme 3b), the 
hydrolysis is typically performed with stoichiometric amounts of acid at 60 °C for 6h. A 
cationic ammonium salt is obtained with 60-70 % conversion of the monomeric units. Higher 
conversion is hardly achievable, because of charge repulsion effects, except if another portion 
of acid is added and harsher conditions are applied [10].  
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Basic hydrolysis is the more effective approach, by which up to 95 % conversion is 
achieved within 3 hours at 60-80 °C using stoichiometric amount of a base like sodium 
hydroxide with the formation of free amine polymers (Scheme 3a).  
With both hydrolysis techniques, however, the purification of the polymer from the 
by-products ( i.e. formic acid and PVAm salt for the acidic approach, and the salt of the base 
used for the basic hydrolysis) is a real issue. The few available options are the proper 
selection of a non-solvent for product precipitation, ion exchange or ultrafiltration for salt 
removal [10].  
Alternative approaches have been developed, based on aqueous hydrolysis at elevated 
temperature [10] or hydrolysis with the addition of ammonia as volatile base. The latter 
method leads only to 30-70% conversion, but the expensive removal of by-products is 
avoided.  
 
Scheme 3 : Synthetic scheme for polyvinylamine synthesis 
 
Complete product hydrolysis still remains a challenge for the alternative as well as for 
the standard hydrolysis methods [27].  
  Polyethylene imines (PEI) have a longer scientific history and have been more 
exhaustively studied compared to PVAm. The main difference apart from the fact that PEI 
has one CH2- group more in the monomeric unit between these two polymers is that PEI 
contains primary, secondary and tertiary amine groups, whilst PVAm typically has only 
primary amine groups with a number equal to the degree of polymerization for a completely 
hydrolysed product. Most commercial grades of PEI are available with branched structure, 
a 
b 
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where the ratio between primary, secondary and tertiary amine groups varies between 1:1:1 
and 1:2:1 [13,29-31]. 
Linear PEI is obtained by cationic polymerization of cyclic iminoethers such as 
oxazoline and oxazine derivatives producing a linear poly(N-ethylenimine) intermediate 
polymer that can by hydrolysed to a linear PEI of high crystallinity (Scheme 4) [13,32].  
 
Scheme 4 : Synthetic scheme for linear polyethyleneimine 
 
The synthetic approach to hyperbranched PEI consists in reaction of ethyleneoxide 
with ammonia with the formation of ethyleneimine aziridiac that is then polymerized by 
classical cationic ring-openning polymerization (Scheme 5). Due to its poor stability, 
ethyleneimine may easily homopolymerise to a highly branched structure and the formed 
polymer contains primary, secondary and tertiary amine groups in contrast to its linear 
counterpart that has only secondary amine groups along its chain [128].  
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Scheme 5 : Synthetic scheme for branched polyethyleneimine  
The interesting properties of these polymers result from the fact that the electro-neutral 
macromolecules become polyelectrolytes in aqueous solutions with their electrical charge 
being strongly dependant on the pH of the surrounding solution [33]. Under acidic conditions, 
the amino groups become protonated, and reversibly transform to quaternary ammonium 
salts. Westman et al. [34] observed that the amine groups of PVAm, are fully protonated at 
pH = 2, and charge density of  about 11 meq/g was determined by polyelectrolyte titration. 
Increasing the pH to 7.5 led to de-protonation of a large part of the amine groups, but some 
still remained in their quaternized state and a charge density of about 3 meq/g was measured. 
According to the authors, the approximate charge of PVAm at pH=10 is about 20% of the 
charge at pH=2.  
 Quaternary main chain polyamines (”Ionenes”) are synthesized by ring-
opening polymerization of epichlorhydrine and a secondary amine, such as dimethylamine. 
Similarly to PEI, the charged moieties are situated along the polymer backbone and are not 
pendant groups (Scheme 6). [7]  
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Scheme 6: Synthetic scheme for the quaternary polyamine poly(2-hydroxy propyl – N,N – (dimethyl 
ammonium) chloride). 
 
1.2) Polyelectrolytes in solution 
The particular properties of polyelectrolytes are apparent only when the polymer is in 
contact with a polar solvent, such as water, allowing for ion dissociation.  
Dobrynin and Rubinstein [1,35] distinguished three types of salt-free polyelectrolyte 
solutions according to their concentration and dynamic properties.  
 
 Dilute regime (c << c*, where c is solution concentration and c* is the polymer 
overlap concentration). At very low concentrations, the intrachain interactions dominate over 
the interchain ones and the chains do not overlap. For weakly charged polyelectrolytes, the 
chains may be considered as random coils surrounded by their counterions, and may be 
described by the Zimm model, (Fig. 4).  
 
 
Figure 4 : Schematic representation of the Zimm model. Adapted from ref. [1] 
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In that case, the relaxation time (“Relaxation time” is a time constant for a system to 
return to equilibrium in response to a sudden disturbance) is presented as 
τZimm ≈ ηsR³/kT     Eq. 1 
 
where ηs is the specific viscosity and ηs = η /η0 – 1, for η0 being the viscosity of the pure 
solvent ; k is the Boltzmann constant ; T is the absolute temperature and R is the chain size.  
For strongly charged polyelectrolytes, the chains may be considered as extended rods 
of electrostatic blobs and may be presented by the Rouse model, (Fig. 5). In diluted 
polyelectrolyte solutions, the polymer chains have sticks-like shape because of strong 
electrostatic intra molecular repulsion. However, the polymer stick is formed of blobs 
consisting of various numbers of unimers.  The blobs form in order to decrease the energy of 
the entire molecule. The confirmation of the blobs is not influenced by the electrostatic 
interactions. 
 
 
Figure 5: Schematic representation of the Rouse model. Adapted from ref. [35] 
 
According to this model, the polymer chain may be presented as a combination of 
consecutive beads and springs, where beads do not interact hydrodynamically, thus free 
draining conditions [1,35]. 
Indeed for dilute solutons, the Rouse and the Zimm relaxation times are similar, since 
the chain is considered as rodlike object and its relaxation time is expressed by equation 2 
[36].  
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τRouse ≈ R³/D      Eq. 2 
where D is the blob size (Fig. 5). 
 
 Semidilute unentangled regime (c* < c < ce, where ce – entanglement 
concentration). In that condition, the polymer chains overlap and the hydrodinamic 
interactions are screened at length scale larger than the length of the correlation blob (ξ). The 
sections inside the correlation blob behave according to the Zimm model and their relaxation 
time is calculated according to the equation  
τξ ≈ ηsξ³/kT      Eq. 3 
 
In the mean time, the hydrodynamic interactions of these blobs may be explained by the 
Rouse model, for which the chain relaxation time is presented as 
τRouse ≈ τξ(N/g)² ≈ (ηsb³/kT)N²(cb³)
-1/2
B
-3/2
(1+2Acs/c)
-3/4  
Eq. 4 
 
where τξ is the relaxation time of a correlation blob ; N is the degree of polymerization ; g is 
the number of monomer units in the correlation blob ; b is the bond length ; c is the polymer 
concentration ;  B is the second virla coefficient ; A is the average number of monomer units 
between charges and cs is the salt concentration. 
 
 Semidilute entangled regime (c > ce). In that case, the entanglement strand is a 
random walk of Ne/g ≈ (a/ξ)² blobs, where Ne is the number of monomer units in an 
entanglement strand, g is the number of monomer units in a correlation blob of volume ξ³ and 
a is the tube diameter (Fig. 6). According to the reptation theory, Zimm-like relaxation is 
typical inside the blob, and it is Rouse-like when the strands of blobs between the 
entanglements are concerned. Therefore, the longest relaxation time may be calculated as  
τrep ≈ τξ(Ne/g)²(N/Ne)³ ≈ (ηsb³/kT)n
-2N³B-3(1+2Acs/c)
-3/2
   Eq. 5 
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where n is the number of strands in a volume a³.  
 
 
Figure 6 : Schematic representation of the molecular conformation in semidilute 
entangled solution. Adapted from ref. [1] 
 
1.3) Osmotic pressure of semidilute polyelectrolyte solutions 
The osmotic pressure of neutral polymers is expressed in units of the thermal energy kT 
for a correlation volume of semidilute solution [35] : 
Πp/kT ≈ 1/ξ³, c > c*     Eq. 6 
The presence of ions in polyelectrolyte solutions contributes to their osmotic pressure 
and is presented as : 
Π = Πp + Πi      Eq. 7 
where Πi is the osmotic pressure caused by the ions.  
In a two-phase ionic system, in which one component is physically restricted to one 
phase, and where ions from the second component can migrate is between the two phases, the 
ion concentration will adjust so that the electrochemical potential of both phases will get 
equal [37]. Consequently, the osmotic pressure and electric potential difference will establish 
between the phases, which is known as the Donnan equilibrium [38]. 
ξ 
a 
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If the counterion concentration is much higher than that for molecular weight of the 
salt ions (c >> 2 A cs), the ion contribution is kT per counterion : 
Πi/kT ≈ c/A      Eq. 8 
Contrarily, for salt concentrations higher than the counterion concentration, the 
counterions are almost uniformly distributed on both sides of the membrane and the salt 
redistributes to keep a charge neutrality, which contributes to the osmotic pressure : 
Πi/kT ≈ c²/4A²cs     Eq. 9 
For a condition situated between these extremeties, the ion contribution is presented as : 
Πi/kT ≈ c²/(4A²cs + Ac)    Eq. 10 
and the total osmotic pressure is the sum of the ionic and polymeric contribution : 
Π/kT ≈ c²/(4A²cs + Ac) + 1/ξ³, c > c*   Eq. 11 
 
1.4) Viscosimetry 
Viscosimetry is relatively specifying the method of molecular weight of polymer in 
solution [39]. To determine the viscosity if is necessary to know the spicific viscosity ηsp, 
which is determined by the ratio of the viscosity ηp of non-interacting impermeable spheres to 
the solvent viscosity ηs. 
     ηsp      Eq. 12 
The ratio between the specific viscosity and the polymer concentration yields the 
intrinsic viscosity. This correlated to the specific volume and thus the molecular mass of 
polymer chains. 
       Eq. 13 
where NL is the Loschmitz number and Vh the hydrodynamic volume.  
An empirical equation often used for determining [η] in dependence on the polymer 
concentration has been introduced by Huggins: 
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       Eq. 14 
The polyelectrolyte effect contributed to a pronounced increase of the 
intermacromolecular electrostatic interactions and expansion of the chain conformation. To 
overcome these problems, measurements are realized in the presence of low molecular weight 
salts to suppress dissociation and viscosity increase at low polyelectrolyte concentrations (Fig. 
7). 
 
Figure 7: Reduced viscosity of an aqueous polyelectrolyte solution, in dependence on the 
polymer concentration, and the amount of added NaCl. Reproduction from ref. [2] 
However, depending on the method as well as the specific type of polyelectrolyte, the 
salt concentration has to be optimized and disturbing or adulterating effects have to be 
minimized [40]. 
1.5) “Salting in” and “Salting out” interactions. Hofmeister series 
The presence of mono-, bi- or multivalent salts alters the intra- and inter-molecular 
interactions of polyelectrolyte solutions, and modifies their properties. In 1888, Hofmeister 
first investigated the ability of various salts to precipitate the proteins from whole egg white 
and classified them in a series bearing his name, the Hofmeister (lyotropic) series [46-48].  
- 37 - 
 
 
CO3
2-
  SO4
2
-  S2O3
2-
  H2PO
4- F-  Cl-  Br-  NO3
-  I-  ClO4
-  SCN- 
Scheme 1: Hofmeister series of anons  
The ions situated to the left of Cl-, called kosmotropes, are strongly hydrated and have 
stabilizing and “salting out” effects on proteins. They are able to decrease the degree of 
protein denaturation, increase its stability and lead to formation of protein aggregates. 
Contrarily, the ions situated to the right of Cl-, known as chaotropes, destabilize the folded 
proteins, increase their denaturation and solubility, and have “salting in” effect [48].  
Similarly, salts may increase or decrease the solubility of synthetic polyelectrolytres in 
polar solvents. Coiling of high molecular weight polyelectrolytes is observed, especially for 
bi- and multivalent salts, meaning that they get lower effective charge and smaller 
hydrodynamic volume [7].  
Indeed, upon ionization the frictional dissipation of energy accompanying the flow of 
the stretched molecules is higher and the relative solution viscosity increases (Fig. 7). The 
latter phenomenon is more evident for lower polymer and counter-ion concentrations. The 
counter-ions mask the repulsion of the polyelectrolyte charges and, thus, decrease the 
stretching and the relative solution viscosity. 
 
Figure 7: Effect of the addition of a simple electrolyte to aqueous solution of an anionic 
polyelectrolyte. Adapted from ref. [7]  
- 38 - 
 
 
Katchalsky distinguishes two types of macromolecules in terms of their 
conformational behaviour in solution, namely “geometrical” and “physical” [3]. The absence 
of intra-molecular interactions is typical for the first one, where the molecule performs a very 
complicated set of movements around its bonds and constantly changes its conformation (Fig. 
8-A). Such behaviour is typical for non-ionized and for non-polar macromolecules. 
Contrarily, for the “physical” molecules, intra-molecular interactions, such as 
hydrogen bonds and ionic repulsions, occur due to the chemical composition of the molecule 
and influence the molecular movements. As an example, in the non-ionized form of PAA, 
hydrogen bonds are formed between the carboxylic groups and lead to contraction of the 
molecules and even their coagulation with other PAA molecules (Fig. 8-A). When ionized, 
the negative carboxylate –COO- ions provoke intra- and inter-molecular repulsion which 
leads to molecular stretching and opening of the random coil. Upon further ionization, the 
stretching gets very important and the molecule changes its conformation to cylindrical 
symmetry (Fig. 8-B).  
This repulsion may be overcome by the addition of a simple electrolyte – monovalent 
(ex. NaCl) or bivalent (ex. CaCl2) (multivalent) salt, that will screen the fixed charges of the 
macromolecule as shown in figure 8 – C and D, respectively and lead to molecular 
contraction. Such event is explained with saturation of the polyion charges by counter-ions 
from the simple electrolyte and elimination of the repulsive forces, known as screening of the 
electrostatic repulsive forces [49]. Indeed, when a monovalent salt is added to the aqueous 
solution, an ion from the salt interacts with only one opposite charge of the polyelectrolyte 
molecule, as in the case of Na+ interacting with one carboxylate, -COO-, from PAA molecule. 
Thus, after complete saturation of the polyelectrolyte charges, each molecule forms a separate 
random coil, that may or may not interweave with other molecules for high or low solution 
concentrations, respectively. In this case the counter-ion belongs only to one macromolecule 
(Fig. 8-C). 
Contrarily, when bi- or multivalent ions interact with an aqueous solution of a 
polyelectrolyte, one counter-ion may interact with more than one charge from more than one 
polyelectrolyte macromolecules (Fig. 8-D). In that case multi-molecular aggregation may 
occur, as a result of bridges formed between the molecules by the bi- or multivalent ions 
[7,3]. This interaction has been used by the researchers for the development of polymer 
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subunit-vaccines [9], chelating agents for the purification of water from heavy metal ions 
[50,51], antibacterial agents [52] and floor polishers. The application of the polyelectrolytes 
as antibacterial agents will be discussed in a following section.  
 
Figure 8: Behaviour of (A) random coil of non-ionized and (B) stretched ionized polymer molecule in 
solution in the presence of (C) monovalent and (D) bivalent salts. Adapted from ref. [7] 
 
1.6) Light scattering and molecular weight measurements of polyelectrolyte solutions 
When light irradiation passes though a crystalline material, it interacts with the electrons 
and is being reflected by the parallel planes of the crystal. The reflected rays that interfere 
constructively, lead to the formation of a Bragg peak, which signifies the loss of energy and 
determines the internal structure of the material. For reflections to interfere constructively, 
they have to satisfy the Bragg’s law  
λ = 2d sinθ      Eq.15  
 
where λ is the light wavelength, d is the spacing between the planes in the atomic lattice 
and θ is the scattering angle. 
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This property is applicable when polyelectrolytes, proteins for instance, are analyzed. 
Indeed, static and dynamic light scattering (DLS), due to spatial and temporal refractive index 
fluctuations, are very well known methods for determining the structure and dynamics of 
polyelectrolyte solutions [41]. The overall scattering intensity determined by static light 
scattering (SLS) is presented as function of the refractive index n and the scattering vector 
: 
        Eq.16 
 
Indeed, the absolute value of the scattering vector is  
   Eq. 17 
 
and λ0 is the light wavelength in vacuum,  and  are the wavevectors of the initial 
and the final beam, respectively [41].  
Since polyelectrolyte solutions contain various types of components (solvent molecules, 
polyions, polyion clusters, counterions from the dissociated ionizable groups and low 
molecular weight salts) light scattering measurements are more complex compared to neutral 
polymers and multimodal spectra are usually obtained.  
If an assumption of negligible interpartical interaction (S(θ) = 1) is made, then the 
scattering at zero angle can be presented as  
I(0) = kNm² ≈ kNρp²Vp² ≈ Nρs²Rp²    Eq.18 
 
Here, the single particle factor reflecting the intraparticle interaction is P(0) = 1, and ρp 
is the particle density, Vp is the particle volume, ρs is the overall scattering contrast and Rp is 
the radius of presumably spherical particle.  
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However, in a real case, there are strong interparticle interactions, which have 
significant influence on the scattering intensity. Combination of both, SLS and DLS, is useful 
for interpreting the results. Indeed, the overall scattering intensity, I(θ), obtained by SLS is 
normalized to the scattering from a standard, Ist(θ), and the normalized intensity can be 
presented as a sum of the contributions from each type of particles. For bicomponent system: 
 
I(θ)/Ist(θ) = A1(θ) + A2(θ)    Eq.19 
 
where A1(θ) and A2(θ) are the signal amplitudes for each component of the systems. 
In the mean time, DLS measuremets give the relative amplitudes Ai(θ)/Aj(θ), absolute 
values may be calculated in respect to the standard scattering.  
A1(θ) = [I(θ)/Ist(θ)] / [1+A2(θ)/ A1(θ)]    Eq.20 
 
and 
 A2(θ) = [I(θ)/Ist(θ)] / [1+A1(θ)/ A2(θ)]     Eq.21 
 
The light scattering of polyelectrolyte solutions is commonly used for determining the 
molecular weight of the polymer. However, in order to avoid the collection of multimodal 
spectra due to the strong inter- and intraparticular interactions, the test conditions should be 
optimized. This is usually performed by utilization of solutions with very low polyelectrolyte 
and very high simple electrolyte concentration, where the system is in Donnan equilibrium. 
Hence, the scattering of the solvent (which contains small ions) is substracted from the brut 
scattering spectra and the residue may be presented with an equation for a two-component 
system:  
 
K*c/I(0) = (1/RT)(δπ/δc)µs    Eq. 22 
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where K* is a constant defined by the vertically polarized incident light and µs is an 
index related to the chemical potentials of all solutes.  
For a non-dialyzed polyelectrolyte solution, one can determine the apparent molecular 
weight M´W which is related to the true molecular weight MW by the formula: 
 
    Eq. 23 
 
Here, (δCS/δc)µs describes the adsorption of the salt to the polyion and is presented as 
function of the molecular weights of the simple (MS) and the polymeric (MW) electrolytes, 
and the valency Zp of the polyion. 
 
 (δCS/δc)µs = - (MS/MW)Zpa     Eq. 24 
 
In eq. 26, a is a factor depending on Zp. 
The polydispersity of polyelectrolyte solutions may be determined from the ratio 
Mw/Mn, where Mw is weight average molecular weight determined by light scattering and Mn 
is the number average one obtained by another technique (osmometry for instance).  
 
1.7) Applications of polyelectrolyte aqueous solutions for fiber formation 
As briefly mentioned above, polyelectrolytes dispose with some very interesting 
properties, including chelating of heavy metal ions and antibacterial activity. For the people 
skilled in the art, it is clear that fibers prepared out of these polymers may be used for the 
fabrication of tissues and filters able to clean contaminated water from heavy metal ions and 
bacteria, as well as to be used for wound dressings and medical cloths [53].  
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However, their solubility mainly in water and their specific behaviour in aqueous 
solutions, may complicate the process of fiber preparation, due to the strong molecular 
stretching in salt-free solutions and, thus, the extremely high specific viscosity even at low 
concentrations [49]. The addition of a simple electrolyte is not always applicable, since the 
salt remains incorporated into the polymer fibers and the polymer molecules are not able to 
play their chelating role, afterwards [7].  
Fiber preparation techniques, such as wet-spinning have been used since many years 
and relatively high diameter fibers have been obtained. Lin and his co-workers [50] used this 
technique for the preparation of PVAm fibers, since this polymer provides some unique 
properties related to the presence of a very high amount of amine-groups per unit weight, 
since each monomer unit bears an amine group. However, it is very difficult to obtain defect-
free fibers from this polymer, because of the strong repulsive forces between and within its 
molecules in solution. (The properties of PVAm will be discussed in more details in a 
following section.) The authors, however succeeded to prepare fibers with an average 
diameter of about 80 µm (Fig. 10) 
 
Figure 10: SEM images of PVAm fibers obtained by wet-spinning. Reproduction from ref. [50] 
 
Recently, the electrospinning technique has gained an enormous interest (detailed 
discussion in a following section). It allows the formation of fibers with very low diameter in 
the nanometer range out of a great variety of polymers [54]. However, this technique is not 
applicable for all polymers, and it is especially difficult to apply it for polyelectrolytes, 
because of their complex behaviour in solution [51,55,56].  
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Electrospinning was applied for the formation of polyvinylamine fibers and the results 
are presented and discussed in Chapter 2 of this thesis, entitled “Electrospinning of 
polyvinylamine: Antibacterial Polyelectrolyte water-resistant mats”. 
 
1.8) Polyelectrolytes on surfaces 
Surface modification enables new application functionalities. Formation of coatings 
with selected performances (hydrophilicity, biocompatibilty, antibacterial activity, etc) does 
not alter the mechanical, physical and chemical properties of the bulk material. Application of 
polyelectrolyte coatings has already been studied for various substrates, of both organic [57] 
and inorganic (glass, ceramics, metals) [58] nature, for applications such as food and medical 
packagings [57], protein and cell repulsive materials [58,59], materials with surface 
antibacterial activity [60,61].  
The substrate may be non-charged, oppositely or similarly charged with respect to the 
polyelectrolyte. The charge can determine the strength of the linkage between the coating and 
the substrate [62-64]. 
 
1.8.1) Polyelectrolytes on oppositely charged surfaces 
This is the simplest situation and is most frequently used for applications, such as paper 
making, water purification by precipitation of the contaminant with the assistance of a 
polyelectrolyte, surface neutralization [62]. The deposition of a polyelectrolyte coating on the 
oppositely charged surface is mainly entropically driven, but electrostatic forces of interaction 
also play certain role in coating formation. The deposition of even minute amounts of 
polyelectrolyte leads to neutralization of the net surface charge and removal of the 
electrostatic double-layer force. Theoretically, such coatings are flat and the amount of 
adsorbed polymer is very low, since the repulsive charges from the same macromolecule, tend 
to electrostatically orient toward the opposite charges of the substrate, rather than remain 
isolated in solution.  
Such energetically more favourable condition is privileged for salt-free solutions and is 
less evident when simple electrolytes are added due to the screening effect [65]. In that case, 
the counter-ions from the electrolyte interact with the charges from the polyelectrolyte chains 
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and impede their complete deposition on the oppositely charged surface. As a result, the 
macromolecules electrostatically attach to the surface only with some of their charged groups, 
the other part of the molecules remaining to float in solution, and the coating thickness 
increases [66].  
 In another aspect, the architecture of the polyelectrolyte macromolecules also affects 
the coating thickness and the charge of the surface, which has been evidenced for branched-
PEI (b-PEI) and linear PVAm [67], where thicker coatings were observed with the branched 
polyelectrolyte. 
 Oppositely charged solid substrates are particularly interesting for the formation of 
multilayer polyelectrolyte coatings by the layer-by-layer technique [68]. The technique 
consists in the sequential adsorption of polycations and polyanions from dilute aqueous 
solutions onto the substrates. As a consequence of electrostatic interactions and complex 
formation between the alternating positively and negatively charged layers, a stably fixed, 
thin and uniform coating is formed (Fig. 11). 
 
 
Figure 11 : Schematic representation of the layer-by-layer film deposition technique. Steps 1 and 3 
represent the adsorption of a polyanion and polycation, resepectivel, and steps 2 and 4 are washing 
steps. Adapted from ref. [129] 
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There are few parameters influencing the polyelectrolyte deposition, namely, its bulk 
concentration, ionic strength and polyelectrolyte and surface charge density. 
 
1.8.2) Effect of polyelectrolyte bulk concentration 
As mentioned earlier, the deposition of a layer of polyelectrolyte with a charge opposite 
to that of the substrate neutralizes the surface of the latter. However, there is a threshold for 
which the charges are equilibrated and the net surface charge is neutral. Increasing the bulk 
concentration of the polyelectrolyte, further increases the number of polymer chains deposited 
on the surface which over-compensates its charge and the apparent double-layer potential 
increases again [62]. This has been demonstrated for the deposition of positively charged 
PVAm layer on negatively charged glass substrate [69], for which the addition of 1 ppm 
PVAm was sufficient to neutralize the negative surface charge. Increasing this concentration, 
resulted in new charges formed on the glass surface and re-appearance of double-layer forces. 
1.8.3) Effect of polyelectrolyte ionic strength 
It has already been mentioned in previous sections, that simple electrolytes present in 
polyelectrolyte solution screen the charges along the polymer chain, which, in these 
conditions, tends to form a random coil. In such high ionic strength solutions, the 
polyelectrolytes attach to the oppositely charged surface by lower amount of directly surface 
bound segments, and more loops and tails are present in solution. The coating thickness gets 
higher, although the amount of adsorbed polyelectrolyte may remain unchanged, depending 
on the non-electrostatic polymer-surface interactions [66]. It can be explained by “salting-in” 
phenomenon, since the ionic interactions between the ions of the simple electrolyte and the 
charges along the polyelectrolyte backbone lead increased polymer swelling and, 
consequently, coating thickness. 
On the other hand, polyelectrolytes form thinner coatings when low ionic strength 
solution is implied in the coating process, since the lack of charge screening along the 
polymer chain, leads to electrostatic interaction of almost all of its charges with the surface 
[70].  
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1.8.4) Effect of polyelectrolyte charge density 
A highly charged polyelectrolyte in low ionic strength solution adsorbs to an oppositely 
charged surface by forming a thin layer (Fig. 12-A). At the same coating conditions, a 
polyelectrolyte with lower charge density would try to compensate all opposite charges on the 
surface and thus will form a thicker coating (Fig. 12-B). However, complete compensation of 
the surface charges is almost impossible because of the steric repulsion occuring between the 
adsorbed molecules, which is more pronounced for polyelectrolytes with lower charge density 
[23]. 
A  
B  
Figure 12: Illustration of the conformation of high charge density (a) and low charge density (b) 
electrolyte adsorbed on oppositely charged surfaces. Adapted from ref. [62] 
 
1.8.5) Effect of surface charge density 
Theoretically, a lower surface charge density would result in decreased amounts of 
adsorbed polyelectrolyte molecules when a low ionic strength solution is concerned. 
However, according to Claesson et al [62], theoretical prediction in such case is difficult, 
since the surface charges are heterogeneously distributed and calculations distinguish with 
large variance in the statistical distribution.  
 
1.8.6) Polyelectrolytes on similarly charged surfaces 
Comparably to inter- and intra-molecular repulsion of polyelectrolytes, these molecules 
would repulse from a surface with a similar charge and their adsorption would be impossible. 
This is especially valid, when polyelectrolytes with high charge density in salt-free solution 
- 48 - 
 
are concerned [62]. Addition of a simple polyelectrolyte (mono-valent salt) would screen the 
surface and the polyelectrolyte charges, making electrostatic repulsive forces lower and non-
electrostatic affinity to adsorption more probable.  
Another possibility to overcome the electrostatic repulsion is to make profit of the 
similar charges of the polyelectrolyte macromolecules and the surface, by interacting them 
with oppositely charged counter-ions of a multivalent salt. It has already been applied by Berg 
et al [71] for the adsorption of negatively charged PAA on the surface of negatively charged 
mica by using Ca2+ associates as compatibilizers that form an interlayer of Ca2+ bridges 
between the coating and the surface.  
1.8.7) Polyelectrolytes on uncharged surfaces 
Theoretically, uncharged surfaces are not expected to interact electrostatically with a 
polyelectrolyte and thus, the adsorption of the polyion would not be guided by such 
interactions. Moreover, for low ionic strength solutions of higher charge density 
polyelectrolytes, the inter- and intra-molecular repulsion forces would more probably impede 
the adsorption.  
In that case, if any polyelectrolyte adsorption occurs, it would be driven by non-
electrostatic, hydrophobic, interactions between the coating polymer and the surface and 
would be more probable for low charge density poyelectrolytes, for which bigger portion of 
the molecule would be hydrophobic and thus able to compensate the electrostatic repulsion 
[65]. Coatings with low thickness are formed because the charges along the polyelectrolyte 
chain tend to repulse and provoke chain extension parallel to the surface.   
Thierry et al. [73] used PEI as compatibilizer that was adsorbed on the surface of a 
metal endovascular stent. The stent was then coated by hyaluronan and chitosan via the layer-
by-layer technique. In that case, the coating formation was based on electrostatic interactions 
between (i) PEI and the metal stent surface, (ii) PEI and hyaluronan and (iii) hyaluronan and 
chitosan. 
Although very difficult to achieve, coatings of polyelectrolytes are useful for the 
modification of uncharged substrates, like polypropylene (PP), polyethylene, 
polytetrafluoroethylene (PTFE), etc, that find an enormous application in fields, such as 
medical devices [74], packaging materials [57], construction materials (Tyvek® Dupont), etc.   
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PTFE vascular grafts, for instance, tend to provoke enormous protein adsorption and 
cloth formation which is deleterious for their functionality [74]. In an attempt to investigate 
the nature and the mechanisms of the cloth formation, Kiaei et al [75] performed a series of 
experiments evaluating the protein and platelet interaction with ethylene/tetrafluoroethylene 
(E/TFE) plasma deposited coatings. The authors observed that highly fluorinated surfaces 
demonstrated low surface energy, which provoked very strong fibrinogen adsorption, 
contrarily to the surfaces modified predominantly by the hydrocarbon coating. In the same 
order, the platelet adhesion increased, which was explained by two factors: (1) stronger 
affinity of the fibrinogen to bond to the surface leads to its denaturation and this conformation 
becoming non-recognizable by the cells, and (2) the fibrinogen peptide ligands for platelets 
may still be in a native (or recognizable) conformation, but the strong binding of the protein 
to the fluorinated surface interferes with its ability to be partially “lifted off” the surface by 
the platelet membrane receptor, which could be an important step for optimizing ligand-
receptor interaction in the process of cell adhesion on surfaces. When non-polar and non-
charged surface is concerned, as PTFE in our case, the neutral domain III from BSA is 
suspected to interact with the surface, and looser adsorption is postulated. 
Contrarily, Taborelli et al [76] observed that more hydrophobic surfaces, in their case 
coated by methyl-groups, exhibit lower BSA coverage compared to hydrophilic aminated 
surfaces, and they also explain this phenomenon with conformational changes. The authors 
suppose that the negatively charged I and II domains of BSA interact with the positively 
charged aminated surface at the test pH 7.2 and provoke strong protein adsorption and, thus 
protein denaturation. Indeed, Arima et al. [77] observed strong and rapid protein adsorption 
on self-assembled monolayers (SAMs) of alkanethiols carrying amine (NH2) functional 
groups, while Ranieri and co-workers [78] reported stronger cell adhesion on the surface of 
fluorinated ethylene propylene film (FEP) grafted with amine groups and coated by BSA, 
rather than on the surface of unmodified FEP coated with BSA. The authors suggest that BSA 
is not always in the same conformation and may, thus, inhibit or stimulate cell adhesion.  
Therefore, grafting a polyelectrolyte aimed at decreasing the protein-surface interaction 
and thus reducing the risk of cloth formation [77,78].  
Chapter 3 of this thesis, entitled “Easy-to-apply stable coating for 
polytetrafluoroethylene vascular grafts” presents the formation of a PEI-polyethylene glycol 
(PEG) coating on the uncharged surface of PTFE vascular graft.  
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1.8.8) Grafted polyelectrolytes 
For the above-mentioned coating approaches, the coating stability is strongly dependent 
on the surface charge and on the strength of the polyelectrolyte-surface ionic or hydrophobic 
interactions. For most of these coatings, it may also be expected that the coating resistance 
would change with modification of the conservation or exploration medium, since it may 
influence the strength of the physical attraction between the polyelectrolyte and the surface.  
The latter inconvenience can, however, be overcome, by covalent grafting of the 
polyelectrolyte molecules to the surface, by one of the techniques, “grafting to” and “grafting 
from” [81-83].  
The “grafting to” approach consists in covalent bond formation between a preformed 
macromolecule, including polyelectrolyte, and a functional group available on the surface of a 
substrate. This method distinguishes with relatively low polymer grafting density as a result 
of the steric repulsions between the grafted and the non-grafted chains [82].  
Higher grafting densities are usually obtained when the coating is formed by the 
“grafting from” approach, for which the polymerization of a monomer is initiated by initiating 
functionalities available on the surface [84]. 
Whatever grafting approach is selected, it should be noted that, in the case of 
polyelectrolytes, in aqueous solution the coating are expected to swell due to the electrostatic 
repulsion of the chains, especially for high polymer charge densities and low ionic strength 
solutions [62].  
Although providing coatings with higher stability, this approach has a main limitation, 
namely the necessity to have reactive functionalities present on the surface. It is difficult to 
graft uncharged surfaces, such as PP and PTFE, for instance, since their surface does not 
posess reactive functionalities. 
The surface pre-activation of inert substrates can be performed by various techniques, 
like treatment with strong mineral acids [85], flames [86] and ultraviolet irradiation [87]. In 
the recent few decades, plasma surface activation has gained considerable interest, because of 
its ability to create a large concentration of reactive species on the surface of inert materials, 
at relatively mild conditions and low cost [88]. The wide range of plasma applications 
stimulated the impetuous development of this technique, which has now evolved to a level 
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providing surface treatment with negligible impact to the surface topography, allowing for 
activation of nano- and micro-structured surfaces. Atmospheric pressure glow plasma jet 
(APGPJ) is an example of such minimally invasive plasma activation [89]. This method will 
be discussed in more detail in a following section. 
Chapter 4 of this thesis, entitled “Activation of surface of polypropylene films by 
atmospheric pressure plasma jet”, presents the results obtained for the for the APGPJ surface 
activation of PP films. Indeed, the APGPJ activation provides PP substrates with activated 
surface suitable for the deposition of polyelectrolyte coatings.  
PP is a major polymer for the manufacturing of medical and food packaging materials, 
protective overcoats and others [57,90]. For some of these applications, antibacterial 
properties of its surface would be advantageous, since they would improve its performances 
during application. Polyelectrolyte coating is, indeed, a promising tool for imparting the 
surface with such activity and Elsabee and co-workers [57] tested it by coating PP bags with 
chitosan/pectin layers. The researchers observed that conservation of tomatoes in coated 
closed bags prevented them from bacterial degradation for a period of at least 13 days, whilst 
tomatoes conserved in non-coated PP bag or in open air for the same period and at the same 
storage conditions were almost complete degraded (Fig. 13).  
 
 
Figure 13 : Raw tomatoes under ambient air exposure over 13 days in (A) a PP bag coated with 12 
chitosan/pectin layers, (B) uncoated PP bag and (C) in open air. Reproduced from ref. [57] 
 
Recently, the antibacterial activity of cationic polyelectrolytes has been studied for 
PVAm [34] and PEI for instance [91], and the mechanisms will be discussed in a following 
section. The formation of antibacterial PEI coatings on the surface of PP substrates is 
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presented in Chapter 5 of the thesis, entitled “Modified atmospheric plasma spraying 
towards functional polyelectrolyte coatings with antibacterial activity”. 
 
1.9) Industrial and biomedical applications of polyamines  
Polyamines in their non-protonated state, i.e. at neutral and basic pH, do form donor 
bonds with coordination-unsaturated transition metals, and are used for ultrafiltration systems 
for the purification of water from divalent heavy metals, such as Cu2+, Co2+, Ni2+, Zn2+ and 
Cd2+ [51,92-95].  
For the same reason, polyamines are used as coagulating and flocculating agents [4,70], 
participating in a solid-liquid separation process and overcoming the electrokinetic repulsive 
forces between suspended particles by: 
(i) Charge neutralization, i.e. causing a hydrophobic colloidal coagulation induced by the 
reduction of the surface charge on the particle, or 
(ii) “Bridging” – adsorption of the polyelectrolyte molecule in solution on the surface of two 
or more suspended particles, joining them together into network.  
These properties are very precious for industrial applications, such as potable water 
treatment [7,24,96], municipal sewage treatment [7,24,96], industrial raw and process water 
treatment [7,24,97], paper manufacturing [7,8,97], mineral processing [7,24], as well as oil 
drilling and recovery [7]. 
In the last decade, the layer-by-layer technique became a versatile tool for coatings 
[56,72] or capsules, containing drugs, enzymes, proteins, etc [12]. Polyamines, being strongly 
cationically charged find considerable application in that technique, and have been coupled 
with various anionically charged counterparts, such as poly(sodium 4-styrenesulfonate) [12] 
and hyaluronan [72]. Caruso et al used this technique to immobilize enzymes into the interior 
of such polyelectrolyte multilayers capsules and reported preserved enzyme activity, which 
would be interesting for various bio-medical applications [12]. This report signifies the 
applicability of polyamines in contact with biological systems and their capacity to preserve 
the function of normal cells.  
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The above-mentioned variations of the charge of PEI and PVAm at different acidity is a 
property that may be used as driving force for the fabrication of materials with antibacterial. 
This has already been tested by some researchers with the example of tumour [3,9,93] or 
bacterial cells [34,91,98]. 
Among these, the availability of the polymers makes them promising candidates for the 
deposition of antibacterial coatings on medical and food packaging, the preparation of 
medical bandages and water purification membranes. The mechanisms of anti-bacterial 
activity of these polymers has been widely discussed in the scientific literature [3,34,91,98]. 
For better understanding them, the bacterial cellular structure, adhesion and proliferation 
should first be described.  
Bacteria are singe-celled organisms, usually in the size range 0.74-4 µm [99]. They are 
divided in two categories, Gram-positive and Gram-negative, depending on the structure of 
their outer layers, called cellular envelope. Both types have a semi-permeable inner cell 
membrane, called cytoplasm, allowing the passage of small, uncharged molecules, e.g. 
ethanol, whereas large, charged molecules must be actively transported by membrane-
associated proteins. The cytoplasm is composed of a bilayer of phospholipids with 
hydrophilic, polar head groups and hydrophobic fatty acid chains, giving it amphiphilic and 
self-associating properties, as well as proteins, receptors and enzymes [100]. 
Gram-positive bacteria are protected by a wall outside the cytoplasmic membrane, 
composed of rigid layer of highly crosslinked, hydrophilic network of petidoglucan, a 
polymer consisting of peptidoglycans with incorporated teichoic acids. The dynamic structure 
of the wall allows the transport of both charged and uncharged molecules up to 50 kDa [103]. 
At the same time, it is responsible for the bacterial stabilization and prevents the cells from 
undergoing osmotic lysis. Depending on the bacterial type, the thickness of this layer varies 
and a thick cell wall (20-80 nm) (Fig. 14). Gram-negative bacteria have a thin layer (5-10 nm) 
of peptidoglycan followed by an additional outer phospholipid membrane that forms an 
additional barrier (Fig. 15). The outermost surface of Gram-negative bacteria is covered by a 
lipopolysaccharide layer that also contributes to structural integrity and protects the 
membrane from chemical attacks [100].  
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Figure 14: The cell envelope of Gram-positive bacteria. The bacteria is covered by a thick 
bacterioglyichoic acid and proteins.can layer, with ncorporated teichoic acids and proteins. 
Reproduced from ref. [98] 
 
 
Figure 15: Cell envelope of Gram-negative bacteria. A thin peptidoglycan layer separates the 
phospholipids bilayers. A lipo-polysaccharide layer is covering the outside of the cell. 
Reproduced from ref. [98] 
 
In contact with non-bactericidal surfaces, bacteria grow and proliferate usually 
following a two-stage kinetic binding model, consisting of (i) an initial, rapid, and easily 
reversible interaction between the bacteria cell surface and the material surface, followed by 
(ii) a slowly reversible and often termed irreversible second stage of specific and nonspecific 
interactions between so-called adhesins and the material surface [63] (Fig. 16). Adhesines are 
proteins expressed on bacterial surface structures (fimbriae or pilli). 
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Figure 16: Schematic of the two-stage bacterial adhesion model that precedes organization 
of a mature biofilm. Reproduction from ref. [63] 
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Three general types of anti-bacterial surfaces are distinguished [63,98]:  
(i) Adhesion resistance surfaces – usually very hydrophobic, e.g. perfluorinated, 
or very hydrophilic, e.g. PEG-ylated, substrates, on which bacteria do not adhere and do not 
achieve stage I and stage II (Fig. 13) adhesion. 
 
(ii) Biocide leaching surfaces – a biocide (antibiotic, silver particles, etc.) is 
leaching from the surface and leads to bacterial cell death. Main inconveniences of this 
approach are the risk that bacteria may get resistant to the biocide and it may stop being 
effective; and after biocide exhaustion, the surface stops being anti-bacterial if not re-loaded.  
 
(iii) Contact killing and bacterial growth passivation – this mechanism of 
antibacterial activity consists in bio-chemical interaction of the surface with the bacterial cell, 
leading to disruption of the cell as a result of cell membrane damage, or cell growth 
passivation. This approach has principle advantages, including non-exhaustive character, 
since the surface physical and chemical characteristics do not change with the time, as result 
of leaching processes. On the other hand, resuls so far are relatively poor. Generaly, this 
method is more effective when the liquid surrounding the surface is continuously in motion 
and dead cells are flushed off. A factor limiting the activity resuls from the fact that the length 
of the side chains is usually lower than the membrane thickness, so the lipid layer does not get 
in contact with the antibacterial surface molecules. 
The antibacterial activity of polyelectrolyte surfaces, if not preloaded with a biocide, is 
usually from the contact type. Two main mechanisms of this bactericidal effect are 
distinguished in the scientific literature, namely the membrane-puncturing theory and the ion-
exchange theory [98]. 
The phospholipids in the cellular matrice contain anionic groups. For cationic 
polyelectrolytes, especially those modified by hydrophobic side chains, the membrane-
puncturing theory seems to be more applicable [102,103]. Upon adsorption of the 
polycations, the bacterial cell net-negative charge is neutralised primarily by divalent cations 
such as Mg2+ and Ca2+ [52]. Penetration of the outer bacterial membrane occurs and the 
bacterial cell is burst [61]. 
According to the ion-exchange theory, the bacterial cell gets disrupted as a result of 
counterions that get extracted when the bacteria encounter a highly charged anionic 
polyelectrolyte. 
Both mechanisms depend on the bacterial cell/surface contact.  
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However, a risk exists of bacterial growth passivation by the surface, once bacteria get 
in contact with it [104]. This bacterio-static state is not deleterious for the bacterial cell 
viability, at least for its lifetime, and does not mean that the surface is bactericidal.  
Whatever, according to Illergård et al [104,105], surfaces coated by polylamines, such 
as PVAm, most probably dispose with antibacterial activity as a result of divalent cations 
extraction, rather than bacterio-passivating one.  
Generally, the results from the research, aiming at understanding the bactericidal 
activity of polyelectrolytes, have revealed that the polymer charge density and chain mobility 
are more important for their anti-bacterial activity than the presence of hydrophobic alkyl side 
chains [106]. 
For this thesis, the anti-bacterial activity of linear and branched polyamines was tested 
with PVAm (Chapter 2) and branched-PEI (Chapter 5), respectively. Escherichia coli and 
Staphylococcus aureus were used as model bacteria for the two bacterial types, Gram-
negative and Gram-positive, respectively. Generally, both polymers demonstrated bactericidal 
activity against both types of bacteria which is in accordance with the results described in the 
literature [34,91,98]. 
 
1.10) Electrospinning of polyamines 
The conventional techniques for fiber preparation, such as wet spinning, dry spinning, 
melt spinning, gel spinning, are capable of producing polymer fibers with diameter (df) down 
to micrometers only [56,107,108]. For smaller diameter fibers, more advanced techniques 
should be applied, such as electrospinning, which allows for the formation of fibers with 
diameter between 100 nm and 5 µm [56,107,108]. 
Strong electric field is utilized for the electrospinning of solid fibers from a polymeric 
fluid stream (solution or melt). A charge is induced on the surface of the fluid delivered 
through a millimetre-size nozzle (Fig. 17) and an electrostatic force opposite to the surface 
tension is obtained [54]. Increase of the electric field strength leads to stretching of the fluid's 
meniscus and the formation of so-called Taylor cone. When a critical value of the field is 
achieved, the surface tension is overcome and a jet is ejected. During the movement from the 
nozzle to the collector target placed at certain distance, the jet solidifies and forms polymer 
filaments as result of an interplay of the electric field, solvent evaporation (when solution is 
concerned) and polymer chain stretching. 
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The details of this process are not very fully understood, and under investigation of 
reserachers. On its way from the nozzle to the target instabilities occure, resulting in complex 
movements of the jet.  
If the radial forces from the electric charges carried by the jet become larger than the 
cohesive forces within the jet, the single jet can split into several jets and the fibers splay 
before reaching the collector. Although little is known about this splaying process of the 
primary jet into multiple filaments, it is thought to be responsible – together with the 
elongation due to the acceleration of the jet by electrical forces – for the unusually small 
diameter fibers which can be produced by electrospinning [109]. 
 
 
Figure 17: Schematic presentation of a typical laboratory electrospinning apparatus 
 
From numerous reports it is known that the working distance (D) between the nozzle 
and the collector and the flow rate (F) are important parameters controling the formation of 
the fibers [56,110]. D and F should be optimised such that complete solvent evaporation and 
fiber stretching are achieved. Otherwise, the liquid jet can touch down the collector and fibers 
with poor quality will be obtained [110].  
Nanofibers provide "a connection" between the mesoscale- and macroscale worlds, 
since df is in the nanometric range and the length can be kilometres. As a result, the 
electrospun fibers have a very large specific surface, which determines their great potential in 
applications [56], such as nanocomposite materials [111], nanofibers with specific surface 
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chemistry [112], antiseptic dressing (self-sterilizing materials) [113], filtration and protective 
clothing [114].  
Electrospinning is applicable to a wide range of polymers like those used in 
conventional spinning, i.e. polyolefin, polyamide, polyester, aramide, acrylic as well as 
biopolymers [108,56], and has been applied for the preparation of PVAm nanofibers  as 
discussed in Chapter 2.  
It is a disadvantage of the state-of-the-art electrospinning systems that the space-time 
mass conversion is low. Only small quantities of polymer dissolved in large volumes of 
solvents can be spun, allowing only for small coverage areas per cycle.  
The polymer concentration of the solution has been recognized by many researchers as 
a very important electrospinning parameter [49,56,107].It has been demonstrated that the 
concentration at which homogeneous and non-defect nanofibers are obtained strongly 
depends on the type of the polymer mainly of its electrical charge [123]. Due to their electric 
charges, in salt-free solution the molecules of polyelectrolyte polymers interact by long-range 
electrostatic forces.  
In the diluted state concentrations below the overlap concentration (C*) (Fig. 18-a), 
polymer molecules either adopt a coil or rod chain conformation, depending on their structure 
and charge, and do not interact between each other. In the semi-diluted state, when the 
concentration is higher than C* but lower than the entanglement concentration (Ce) (Fig. 18–
b), the molecules remain unentangled but get contracted, the later phenomenon being more 
pronounced for polyelectrolytes than for neutral polymers. At concentrations higher than Ce, 
the polymer charge is screened and the molecules start to interact intermolecularly and get 
entangled (Fig. 18-c) [115]. 
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Figure 18 : Physical representation of the three solution regimes, (a) diluted, (b) semi-diluted 
unentangled and (c) entangled. Adapted from ref. [107] 
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The addition of simple electrolyte salts to polyelectrolyte solutions results in screening 
of the charged atoms along the polymer backbone [116]. Consequently, as the electrostatic 
charges are screened, the charge repulsion within the polyelectrolyte is reduced and the chain 
becomes more coil-like.  
An increase in net charge density was previously shown to result in smaller fiber 
diameter df due to greater charge repulsion and plastic stretching in the electrospinning jet 
[117]. In particular, the addition of monovalent salts to neutral polymer solutions increased 
solution conductivity, and consequently, the electrospinning process generated fine fibers in 
range of 100 nµ to 10 µm [109]. Polyelectrolyte solutions exhibit intrinsicly high net charge 
density and high electrical conductivity due to movement of polyions and free counterions.  
Recently, Wang et al. [110] investigated the influence of the applied voltage (V) on the 
quality of the electrospun mat of polystyrene (PS). The authors observed that variation of the 
processing parameters, including V, changes the cone-jet which in turn changes the jet 
diameter, producing electrospun fibers with different df and birefringence. According to the 
researchers, formation of a stable cone is crucial for the preparation of well-defined fibers. 
For the tested PS system, Wang and his co-workers found that increasing the applied voltage 
for constant forward power (F) and distance (D), resulted in reduced jet diameter and df.  
 
1.11) Atmospheric pressure glow discharge plasma jet 
Plasmas are highly reactive ionized gases, obtained by applying a high energy, usually 
in the microwave or radio-frequency range, to a gas. As a consequence various types of 
charged species (radicals, ions, electrons, etc) are formed. 
In the last few decades plasma treatment has been recognized as a very advantageous 
surface modification technique (activation and coating deposition), thanks to their ability to 
create high concentrations of reactive species [88]. Numerous types of plasmas with various 
principles of plasma sourcing, operating at different conditions, such as power and pressure, 
have been developed and extensively tested. Most of these techniques work at reduced 
pressure, which is their main drawback, since (i) vacuum systems are expensive and require 
maintenance; (ii) load locks and robotic assemblies must be used to shuttle materials in and 
out of vacuum; (iii) the size of the object that can be treated is limited by the size of the 
vacuum chamber [88]. Atmospheric-pressure plasmas overcome the disadvantages of vacuum 
operating. However, challenges have been faced for obtaining and maintaining the relatively 
high voltages needed for these conditions, and often arcing occurs between the electrodes. In 
some applications, such as plasma torches, arcing is intentionally sought [118,119]. Arcing is 
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an electrical discharge formed as a result of an electrical currant passing through a non-
conducting gas.  
Recently, an atmospheric pressure glow discharge plasma jet (APGPJ) has been 
developed which uses special electrode design to prevent arcing (Fig. 19) [120]. A noble gas 
is used as a carrier for the gas feeding and is usually mixed with a small fraction (<4%) of 
reactive gases (e.g. oxygen, carbon tetrafluoride, nitrogen or even H2O) with a high flow rate. 
When these gases are passed through the annular space between an outer grounded cylindrical 
electrode and an inner coaxial electrode, they are excited, dissociated or ionized by energetic 
electron impact. Once they exit the discharge volume, ions and electrons are rapidly lost by 
recombination, leaving the metastable species and radicals, and thus damage to materials by 
high-temperature ion bombardment is avoided. The chemically reactive species are 
transported with the gas flow and impinge on the surface of the materials to be processed. In 
this way, they selectively react with the material`s surface.  
 
 
Figure 19: Schematic presentation of an APGPJ equipment from the company Pen 
Hangerück GmbH 
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To date, APGPJ has been used to treat metals and electrically sensitive products [121], 
to ash photoresist, etch polyimide, tungsten, tantalum, uranium oxide and silicon dioxide 
[122,123] and to deposit silicon dioxide and silicon nitride films [124,125]. The usually 
reported operating frequency of APGPJ is a RF radio frequency (RF in the mega Hertz (MHz) 
range). It is generally assumed that this advanted plasma technology has the potential to 
decrease the costs and allow for larger range of applications, particularly for thermo-sensitive 
materials.  
The APGPJ activation of the surface of PP substrates is described in Chapter 4 of this 
thesis. Chapter 5 presents the results of the APGPJ assisted formation of PEI coating on the 
PP surface either by dip-coating, or by the adapted plasma-spraying technique. 
 
1.12) Physicochemical characterization of modified surfaces  
Chemically or physically grafted polymer surfaces are characterized by a great variety 
of analytical techniques providing information about the chemical nature, thickness, density, 
polarity of the grafted layer. X-ray photoelectron spectroscopy (XPS) and the water-drop 
contact angle (CA) are two of the most frequently used techniques that have been extensively 
used during the work for this thesis and will therefore be explained briefly. 
 
1.12.1) X-ray photoelectron spectroscopy (XPS) 
XPS is used for determining the elemental composition of a surface top layer at 
maximum 10 nm penetration depth for all elements present at concentration >0.1 atomic %, 
except hydrogen and helium, under ultra-high vacuum conditions.  
During the measurement, the surface is bombarded with photons derived from Al Ka 
(1486.6eV) or Mg Ka (1253.6eV) cathode sources. This highly energetic stream bursts out 
electrons from different electron levels, mainly from the K and L levels, of the surface atoms. 
The energy of the photoelectrons leaving the sample is determined using an analyzer and this 
gives a spectrum with a series of photoelectron peaks.  
Indeed, Einstein derived the equation on which this technique is based [125].: 
BE = hν – KE - Φ 
where BE is the binding energy of the electron in the atom (a function of the type of atom and 
its environment), hν is the photon energy of the X-ray source, KE is the kinetic energy of the 
emitted electron that is measured in the  XPS spectrometer and Φ is the spectrometer working 
function. The binding energy of the peaks is characteristic of each element. The peak areas 
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can be used (with appropriate sensitivity factors) to determine the composition of the 
materials surface. The shape of each peak and the binding energy can be slightly altered by 
the chemical state of the emitting atom [126]. 
 
1.12.2) Water-drop contact angle 
The CA technique is used for determining the interfacial tension between the solid and 
the liquid phase by depositing a water-droplet on the surface and determining the wetting 
angle according to the Young equation.  
 
Here, γSG represents the interfacial tension between the solid and the gas phases and γSL 
is the interfacial tension between the solid and the liquid phase. Cos θ is function of the phase 
surface tensions (Fig. 20). 
 
Figure 20: Orientation of turface tension vector at the solid/liquid/gas interfaces 
 
If a surface is highly hydrophilic, the water droplet will tend to spread on it and θ 
approaches 0o, contrarily to hydrophobic surfaces where θ is larger than 90o. Rough surfaces 
are particular in terms of contact angle, since when a water droplet is deposited on them, some 
air bubbles remain trapped within the voids of the surface irregularities and prevent the 
droplet from spreading, the “lotus” effect [127]. 
 
 
 
 
 
 
 
 
0 = γSG – γSL – γCOSθ 
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1.13) AIMS OF THE THESIS 
This thesis aims at investigating the properties of two of the most frequently used 
polyamines, polyvinylamine (PVAm) and polyethylene imine (PEI), for new surface 
modification applications, mainly in the biomedical field.  
Chapter 2 of this thesis, entitled “Electrospinning of polyvinylamine: Antibacterial 
Polyelectrolyte water-resistant mats”, presents for the first time the preparation of well-
defined nanofibers of PVAm by electrospinning. The antibacterial properties of the fibers 
were evaluated against Gram-negative bacteria (Escherichia coli) in order to pre-validate 
them for applications such as bactericidal water filters, medical cloths and wound dressing  
In Chapter 3, entitled “Easy-to-apply stable coating for polytetrafluoroethylene 
vascular grafts”, the formation of a PEI-polyethylene glycol (PEG) coating on the uncharged 
surface of PTFE vascular graft is discussed. The coating stability was enhanced by 
crosslinking of the coated polymer on the surface of the three-dimensional micro-porous 
structure of the vascular graft. Its physico-chemical and in vitro biological performances were 
studied and the results discussed in respect to the application.  
Chapter 4, entitled “Activation of polypropylene film surface by atmospheric pressure 
plasma jet”, presents the results obtained for the for the APGPJ surface activation of PP 
films. The formation of reactive functional groups on the surface of the otherwise inert 
substrate at various plasma treatment parameters was demonstrated by various analytical 
techniques (X-ray photoelectron spectroscopy, Attenuated Total Reflectance Infrared 
spectroscopy, water contact angle measurements and others).  
Chapter 5 of the thesis, entitled “Modified atmospheric plasma spraying towards 
functional polycationic coatings with antibacterial activity” presents and discusses the 
formation of PEI coatings on the APGPJ activated PP surface by two techniques – the 
standard dip-coating and an adapted polymer spraying. The substrates were analysed for their 
physical-chemical and antibacterial (Staphylococcus aureus) properties. 
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2.1) INTRODUCTION 
Polyvinylamine (PVAm) is a weak cationic polyelectrolyte with pH-dependent charge, 
which has been recently tested by Westman et al [1] for its bactericidal activity in solution at 
various concentrations against gram-positive (Bacillus subtilis) and gram-negative 
(Escherichia coli) bacteria. It was observed that the antibacterial activity of PVAm depends 
on its concentration and on the bacteria type (PVAm has more pronounced bactericidal effect 
on gram-positive bacteria even at lower concentrations). The polymer solutions with 
concentrations higher than 2,5 µg/mL, were bactericidal toward both bacterial types. Similar 
observation was made for PVAm-coated glass plates. 
The antibacterial activity of the polycationic agents, such as PVAm, has been ascribed 
to both physical and electrical interactions with the bacterial membranes, which are in general 
negatively charged at a physiological pH [2,3]. Suggestion has been made that the 
antibacterial effect is caused by a release of counterions of the charged envelope of bacteria 
due to the interaction with the cationic surface and that, upon loss of Mg2+ and Ca2+. Hence, 
the stability of the outer membrane of the bacteria is lost, and the bacteria is killed, “ion 
exchange” theory [1]. Although this mechanism of antibacterial activity has not yet been well 
established, the polycationic polymers were proved to have a broad spectrum of efficiency. 
The strong hydrophilicity of poly(vinylamine) is determining its most important 
advantages and disadvantages. The ability of this polymer to dissolve in water offers the 
opportunity to use it in water-based systems, such as amphiphilic compounds, biomedical 
hydrogels, drug-delivery systems, tissue-scaffolding materials, surface coatings, etc, for 
which exposure of the hydrophilic polymer active groups to the aqueous environment is of 
essential importance. However, for many of these applications, the functionality of the final 
device is dependent on its integrity in water. In such cases, the initial polymer should be 
chemically or physically modified in a proper way.  
Electrospinning is a conventional method for the generation of fine fibers with fiber 
diameter (df) in the nanometer range by applying a strong electrical field to a nozzle ejecting a 
polymer melt or solution [1]. The method has been described in more details in Chapter 1 of 
this thesis. It is applicable to a wide range of polymers like those used in conventional 
spinning, i.e. polyolefins, polyamides, polyesters, aramides, acrylics as well as biopolymers 
and synthetic polyelectrolytes [5,6]. Among them, polymers with antibacterial properties, and 
especially polyamines, are particularly interesting due to their potential for biomedical, water 
filtration and healthcare applications [7-10]. 
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As an objective of the present study, it was selected to test the ability of PVAm to be 
electrospun, and the potential of the obtained nanofiber nonwoven materials to be used as 
antibacterial membranes for water purification, wound bandages, protective cloths, etc. 
PVAm is water-soluble, hence PVAm nanofibers will also dissolve in water. To prevent this, 
the polymer must be covalently crosslinked.  
 
2.2) EXPERIMENTAL PART 
2.2.1) Materials 
Chemicals. Aqueous solutions of poly(vinylamine) (PVAm, 11.3 wt %, Mn  300 000g 
mol-1, pH=10,8 degree of hydrolysis=97.3) were kindly provided by BASF AG 
(Ludwigshafen, Germany). PVAm was produced from the prepolymer poly(vinylformamide), 
where 96.4% of all formamide groups were converted into primary amino groups.  
4-Hydroxylbenzophenone (4-HBP), 1,6-dibromohexane (1,6-DBrH), cyclohexanone 
(CHn) were purchased from Sigma-Aldrich Chemie GmbH (Seelze, Germany). 
Glycidyltrimethylammonium chloride (GtMAC) and methacryloyl chloride (MAC) were 
purchased from Fluka GmbH and were used as received. 
 
2.2.2) Analytical techniques 
1
H Nuclear Magnetic Resonance (NMR) spectra were collected on a Bruker DPX-300 
FT-NMR spectrometer at 400 MHz in D2O and CD3Cl and tetramethylsilane (TMS) as an 
internal standard. 
The infrared spectra (IR) were measured on a THERMO NICOLET Nexus 470 
spectrometer with a spectral resolution of 4 cm-1. The samples were prepared as KBr pellets 
for measurement with transmission mode.  
Ultraviolet (UV) spectroscopic analyses were performed on Schimatzu 168A 
spectrophotometer in quartz cuvette in the 200-400 nm wavelength range for aqueous and 
methanol solutions of the test products. 
Thermogravimetric analyses (TGA) were performed on a TG 209 with a TA System 
Controller TASC 414/2 from Netzsch. The measurements were performed in nitrogen 
atmosphere at 10°C/min heating rate up to 1000 °C. 
Field emission scanning electron microscopy (FE-SEM) was performed with a S-
4800, HITACHI equipment, at voltage 5.00 kV and 5 000 times magnification. 
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The morphology of the hydrogel coated wool fibers was investigated by scanning 
electron microscopy (SEM, Carl Zeiss, S 360) at voltage 15.00 kV and 10 000 times 
magnification.   
X-ray photoelectron spectroscopic (XPS) characterization was carried out using a 
Kratos Ultra AxisTM system with a monochromatized Al Kα X-ray source with energy of 
1486.6 eV and a power of 150 W. The base pressure of analysis chamber was approximate 
6x10-8 Pa. Spectra were acquired in the contact analyzer energy mode using pass energies of 
160 eV for survey spectra and 40 or 20 eV for detailed scans. The collecting angle of 
photoelectrons was 0o with an analysis area of approximate 0,3 x 0,7mm and an information 
depth of around 10 nm. The sample neutralized with 2,6 eV electrons. 
 
Purification of PVAm. PVAm was dialysed against water by means of a cellulose 
dialysis membrane (Carl Roth GmbH + Co (MWCO; 4000-6000)) for 10 days in order to 
eliminate the NaCl. Polymer with purity of 98 % was obtained as evidenced by the 2 wt% 
residues remaining at 540 °C determined thermogravimetrically (TGA). 
1H NMR, D2O; δ: 1,83 ppm (b, -CH2-CH(NH2); 4,16 ppm & 3,59 ppm (trans and cis (–N)-
CHCH2-); 7,81 ppm (b, -C(=O)H) 
IR (KBr pellet) = 3200, 2950, 2820, 2780, 2680, 1680, 1590, 1440, 1350, 1130, 768, 621, 
540cm−1. 
 
2.2.3) Synthesis of p-(6-bromohexyloxy)benzophenone (BHBP).  
A three-necked round-bottom flask equipped with a mechanical stirrer and a reflux 
condenser was charged with 500 ml cyclohexanone and flushed with nitrogen. Then 4-
hydroxylbenzophenone (0,126 mol), 1,6-dibromohexane (0,256 mol), potassium iodide 
(6,024x10-3 mol) and potassium carbonate (0,188 mol) were added consecutively and stirred 
vigorously till homogeneous viscous solution was obtained. The solution was then refluxed at 
90°C for 24 h. The hot solution was filtered to eliminate the solid salts and the solvent of the 
remaining solution was evaporated on a vacuum rotary evaporator. The photoinitiator was 
collected as white powder (yield 32,3 g ; 71% conversion) after recrystallization from ethanol 
(1:5). The product was analyzed by 1H-NMR (Fig. 2), 13C-NMR and IR.  
1H-NMR, DMSO, δ: 1.44-1.60 ppm (m, 4H, Hl& Hm), 1.75-1.96 ppm (m, 4H, Hk& Hn), 3.42 
ppm (t, 2J = 6.75 Hz, 2H, Ho), 3.42 ppm (t, 2J = 6.37 Hz, 2H, Hj), 6.80 – 7.80 ppm (m, 9H, phenyl) 
ppm.  
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13C-NMR, CDCl3, δ: 25.2 ppm (Cl), 27.8 ppm (Cm), 28.9 ppm (Cn), 32.6 ppm (Ck), 33.7 ppm 
(Co), 67.9 ppm (Cj), 113.9 ppm (2C, Ch), 128.1 ppm (2C, Cb), 129.6 ppm (2C, Ca), 129.9 ppm (Cf), 
131.8 ppm (Cc), 132.5 ppm (2C, Cg), 138.2 ppm (Cd), 162.7 ppm (Ci), 195.4 ppm (Ce) ppm. 
IR (KBr pellet) = 3433, 2938, 2861, 1651, 1600, 1576, 1507, 1445, 1419, 1316, 1281, 1255, 
1173, 1149, 1114, 1027, 938, 923, 846, 794, 741, 701, 637, 624 cm−1. 
 
2.2.4) Functionalization of PVAm with BHBP (P1).  
PVAm was functionalized with 3 mol% (P1a) and 5 mol% (P1b) BHBP. In a three-
necked round-bottomed 500 ml flask equipped with a reflux condenser were dissolved 5 g 
PVAm in 100 ml distilled water at concentration of 1,67x10-4 mol/l polymer (0,116 mol/l 
monomeric VAm units). The solution was added with 100 ml of ethanol and heated to 80 °C. 
Subsequently 50 ml of an ethanol solution of BHBP [7,05x10-2 mol/L (for P1a) or 11,75 x10-2 
mol/L (for P1b)] were added dropwise and the reaction proceeded for 24 hrs at 80 °C. The 
resulting polymer was precipitated in cold acetone (-25 °C) and dried under vacuum at 40 °C 
for 4h. The products were collected as white powders at yield of 92% for P1a and 91% for 
P1b. They were analysed by 1H NMR and UV spectroscopy and the results are discussed in 
the following Results and discussion section. 
 
2.2.5) Strategy I: Modification of PVAm-BHBP with MAC (P2). 
Functionalization with 10 mol% MAC (P2a): The reaction was performed according to 
the conditions described in reference 11. In a two-neck round-bottom 500 ml flask were 
poured  125 ml of an aqueous solution of polymer P1a (4,2g polymer; 7,79x10-2 mol VAm 
monomer units). Then, a solution of 1,18g triethylamine (1,17x10-2 mol) in 125ml 
dichloromethane was added. The mixture was placed in an ice water bath and cooled to 4 °C. 
Ar was bubbled through it for 15 min and 0,81g (7,79x10-3 mol) MAC were added dropwise. 
The reaction proceeded for 4 h at 4°C. The polymer was then purified by three subsequent 
precipitation in cold acetone (- 25°C), dried under vacuum for 24 h at room temperature and 
collected as white powder with a yield of 3,35g (67 % of theoretical yield).  
Functionalization with 20 mol% MAC (P2b): The latter procedure was applied, but 
using 2,48g (2,45x10-2 mol) triethylamine and 1,71g (1,633x10-2 mol) MAC. The polymer 
was collected with a yield of 4,22g (69 % of theoretical yield).  
The two products (P2a and P2b) were then analyzed by 1H NMR and used for 
electrospinning. 
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1H NMR, D2O, δ: 1,83 ppm (b, -CH2-CH(NH2)- and CH3C(CO)=CH2); 4,16 ppm & 
3,59 ppm (trans and cis( –N)-CHCH2-); 5,58 ppm & 5,41 ppm (d, CH2-C(CH3)-); 7,81 ppm 
(b, -C(=O)H). 
 
2.2.6) Strategy II: Modification of PVAm- BHBP with GtMAC (P3) and MAC 
(P4).  
Step 1: Modification of P1 with 30 mol% GtMAC (P3.) In a round-bottom two-neck 
250 ml flask were poured 100 ml of an aqueous solution of 4g polymer P1a (7,421x10-2 mol 
VAm monomer units). The solution was heated to 80 oC, bubbled with Ar for 15 minutes and 
mixed with 3,38g (2,226x10-2mol) GtMAC. The reaction proceeded for 4 h at 80 °C [15,16]. 
The product was purified by three subsequent precipitations in cold acetone and dried under 
vacuum till constant weigh. The product was then collected as yellowish powder with a yield 
of 7,16 g (97 % of theoretical yield).  
1H NMR, D2O, δ: 1,7 ppm (b, -CH2-CH(NH2)-); 2,63 ppm (-NH-CH2-CH(OH)-); 3,14 
ppm (-N+-(CH3)); 3,37 ppm (-CH(OH)-CH2-N
+-(CH3)); 3,16 ppm & 3,78 ppm (trans and cis 
–N-CH2CH2-); 5,58 ppm & 5,41 ppm (d, CH2-C(CH3)-); 7,81 ppm (b, -C(=O)H). 
 
Step 2: Modification of P3 with 20 mol% MAC (P4): In a round-bottom two-neck 250 
ml flask were poured 125 ml of an aqueous solution of polymer 4g P3 (4,1068x10-2 mol VAm 
monomer units). The solution was then mixed with 125 ml dichloromethane containing 
(1,232x10-2 mol) triethylamine. The mixture was cooled in an ice water bath to 4 oC, bubbled 
with Ar for 15 min 0,86g (8,214x10-3 mol) MAC and the reaction proceeded for 4 h at 4°C. 
The product was purified by a triple precipitation in cold acetone, dried under vacuum till 
constant weight and collected as a yellowish powder with yield of 3,21g (66 % of theory) and 
analyzed by 1H NMR. It was then used for electrospinning. 
1H NMR, D2O, δ: 1,83 ppm (b, -CH2-CH(NH2)- and CH3-C(C=O)=CH2); 2,62 ppm (s, -
NH-CH2-C(OH)-); 3,15 ppm (b, -N
+(CH3)3 and cis –N-CH2CH2-); 3,36 ppm (s, -C(OH)-CH2-
N+(CH3)3); 4,16 ppm (trans –N-CH2CH2-); 5,58 ppm & 5,41 ppm (d, CH2-C(CH3)-); 7,81 
ppm (b, -C(=O)H). 
 
2.2.7) Electrospinning. 
The exact electrospinning conditions for each sample are given in Table 1. Anytime, 0.2 
wt% Triton® X-100 (Sigma-Aldrich) was added as surfactant. The solutions (2 mL) were 
filled in a 3 mL syringe, which was mounted on a syringe pump (Pilot A2n Fresenius Fial 
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Infusion Technology). The positive lead of a high-voltage power supply (KNH34/P2A, Eltex) 
was connected to the blunt tip syringe needle (OD 0.8 mm) via an alligator clip. A grounded 
aluminium target was placed at specified working distance (D) from the needle tip. The 
syringe pump delivered the polymer solution at a controlled flow rate (F) for certain applied 
voltage (V). The electrospinning process was found to be very delicate, therefore precise 
control of the above parameters was accurately maintained. The samples were then either 
directly used for microscopic observation or crosslink stabilized. CaSO4 and dry molecular 
sieves A3 were used for keeping the atmosphere in the electrospinning chamber dry. 
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Name Polymer 
[Da] 
Polymer 
[mg] 
H2O 
[ml] 
C 
[wt%] 
V 
[kV] 
D 
[cm] 
F 
[ml/h] 
EC1  
 
 
 
 
 
 
 
 
PVAm - 300 000 Da 
344 1,9 5  
17,5 
 
 
20 
 
 
0,5 
 
EC2 248 2,2 10 
EC3 364 2,1 15 
EC4 102 1,9 5  
30 
 
 
20 
 
 
0,5 
 
EC5 221 2,0 10 
EC6 366 2,1 15 
EC7 349 2,0  
15 
 
 
30 
 
15 0,5 
EC8 389 2,2 15 1 
EC9 372 2,1 20 1 
EV1 346 2,0  
 
 
 
 
 
15 
17,5  
15 
 
 
 
 
 
0,5 
 
 
EV2 383 2,2 20 
EV3 326 1,8 25 
EV4 339 1,9 30 
EV5 348 2,0 17,5  
20 
 
 
EV6 375 2,1 20 
EV7 364 2,1 25 
EV8 328 1,9 30 
EV9 356 2,0 17,5  
15 
 
 
 
 
 
 
1 
 
 
EV10 344 1,9 20 
EV11 371 2,1 25 
EV12 350 2,0 30 
EV13 387 2,2 17,5  
20 
 
 
EV14 389 2,2 20 
EV15 401 2,3 25 
EV16 423 2,4 30 
CV1  
 
 
P2a - 406 920 Da 
356 2,0  
 
 
15 
 
 
17,5  
 
 
20 
 
 
0,5 
 
 
CV2 377 2,1 20 
CV3 405 2,3 25 
CV4 412 2,3 30 
CV5 395 2,2 17,5  
1 
 
 
CV6 388 2,2 20 
CV7 386 2,2 25 
CV8 396 2,2 30 
CV9  
 
 
 
P2b - 455 050 Da 
378 2,1  
 
 
 
 
15 
17,5  
 
 
15 
 
0,5 
 
 
CV10 369 2,1 20 
CV11 358 2,0 25 
CV12 388 2,2 30 
CV13 406 2,3 17,5  
1 CV14 398 2,3 20 
CV15 410 2,3 25 
CV16 366 2,1 30 
CV17 399 2,3 17,5  
20 
 
 
 
1 
 
 
CV18 412 2,3 20 
CV19 352 2,0 25 
CV20 467 2,6 30 
EP 1 P4 - 697 800 Da 385 2,2 15 30 20 1 
Table 1: Experimental conditions and sample codes 
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2.2.8) Crosslink stabilization of the nanofibers. 
The nanofibers were stabilized by 45 sec irradiation with an Ultra violet light (UV) 
mercurium lamp (Princo) operating at 160 W/cm² in the 320-450 nm wavelength range. They 
were then microscopically observed either directly, or after washing in water for 24 h at room 
temperature and drying under vacuum at 40 °C for 24 h. Some of these fibers were tested for 
their antibacterial activity. 
 
2.2.9) Antibacterial assessment with Escherichia coli. 
Membranes of electrospun nanofibers of neat PVAm, samples CV20 and EP1 were 
used for testing their antibacterial properties with gram-negative Escherichia coli [1,12]. 
Nanofibers of neat PVAm could not be tested because of their solubility in water.  
A 100 µL suspension of Escherichia coli was cultivated at 37 °C and 75 rpm 
(revolutions per minute), overnight, in 2 mL sterile Luria Bertani (LB-Miller) nutrient broth 
(10g Bacto-tryptone, 5g yeast extract and 10g NaCl in 1000 mL deionized water). Then 150 
µL of the suspension were diluted in 100 mL nutrient LB broth and incubated at 37 °C for 
approx. 4h till absorption of 0,6 was measured at a wavelength of 600 nm, at which a 
concentration of 108 bacteria/mL was obtained, as determined from the calibration curve. The 
bacteria were then immediately used for tests with the electrospun fibers which were 
previously sterilized under UV (254 nm, 1 W/cm²) for 2 x 15 min for each side, and 
conditioned in 40 mL Falcon tubes, containing 30 mL sterile 0,9 w% NaCl solution (Baxter). 
The NaCl solutions containing the samples were then added 106 bacteria/mL and the samples 
were let to interact with the bacteria at 37 °C and 75 rpm for various time of 0 h, 0,5 h, 2 h 
and 24 h. A positive control reference sample was also prepared, which did not contain any 
polymer. After each period of test-time, 100 µL aliquots were taken and diluted for 10, 100, 1 
000 and 10 000 times with solution (CNaCl0,9w%) in a sterile Eppendorf tube. A 100 µL 
aliquot from each dilution was then spread on the surface of a sterile solidified LB agar plate, 
incubated for 24 h at 37 °C and the number of colonies was counted for the most suitable 
dilution. 
 
2.3) RESULTS AND DISCUSSION 
Chapter 1 of this thesis depicted the main advantages of electrospun polyelectrolytes 
compared to ordinary fibers, larger specific surface area, for instance. For some specific 
applications, such as filtration or bactericidal activity, the electrospun mat should be insoluble 
in the medium solvent, often water. 
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PVAm is a water soluble polymer and, therefore, must be crosslinked to achieve 
stability against dissolution in water subsequent to fibre formation. It was decided to 
investigate hexyloxybenzophenone-moieties as the photoinitiator, and methacrylamide side 
groups as polymerization active groups. Hence, PVAm derivatives functionalized by BHBP 
(P1) and MAC (P2), as photoinitiator and crosslinking unit, respectively, were prepared and 
analysed (Scheme 1).  
In another approach, seeking for improving the antibacterial properties of the fibers, the 
BHBP-modified polymer was partially grafted by ammonium groups bearing units (P3) 
followed by modification with MAC groups (P4) at the same conditions as for the first 
approach (Scheme 1).  
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Scheme 1 : Reaction schemes depicting the chemical modification of polyvinylamine (PVAm) 
with photoinitiating units (P1) and subsequent generation of polymerizable polyamides P2, as well as 
photoreactive amino-Quaternary polymers (P3, P4) 
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2.3.1) Synthesis of PVAm derivatives 
First of all, a 4-hydroxylbenzophenone was reacted with 1,6-dibromohexane in order to 
synthesize p-(6-bromohexyloxy) benzophenone (BHBP), a reactive photoinitiator that can be 
covalently attached to PVAm chains. After purification, the product was analyzed by 1H 
NMR (Fig. 1) and no significant amounts of reaction by-products were observed.  
Figure 1 : 1H NMR of p-(6-bromohexyloxy) benzophenone in DMSO 
 
Subsequently it was attempted to modify 3 mol % of the amine-groups of the PVAm 
chain with BHBP. For the purpose PVAm was first purified from the inorganic residue 
present at content of 48-50 wt% as determined by TGA. XPS analysis of this residue showed 
that the main constituent is NaCl, probably resulting from the hydrolysis of the 
polyvinylformamide precursor during PVAm production. Very small amount of carbonized 
residue was observed that could not further be quantified, since their concentration was 
comparable with the detection limit of the XPS equipment. Hence, dialysis of the PVAm 
solution against water was applied as purification method and resulted in polymer with purity 
of 98 % as determined by TGA. 
Due to the very poor solubility of PVAm in organic solvents, even polar ones, the 
reaction with BHBP was performed in an ethanol/water (60/40 v/v) mixture. The mixed 
solvent allowed good dissolving of the polymer and the grafting agent during the reaction. 
The purified PVAm-BHBP derivative (P1a) was obtained in a yield of 92 %, and was first 
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analysed by 1H NMR in order to confirm the extent of the grafting reaction. Unfortunately, 
the modification degree of only 3 mol % was not detectable by 1H NMR, since it is below the 
detection limit of the method. Therefore, a counterpart (polymer P1b) containing 5 mol % 
BHBP was prepared and was analysed by 1H NMR (Fig. 2). Indeed, on the spectra of that 
polymer new peaks were detected at 7,04 ppm, 7,45-7,55 ppm and 7,6-7,7 ppm, 
corresponding to the protons from the aromatic units. Such peaks were not observed on the 
spectra of the unmodified PVAm. Upon integration, 6 mol % modification of the units was 
determined, which is similar to the expected value of 5 mol %. Consequently, it was 
considered that the theoretical modification degree of 3 mol % is close to the experimental 
one. 
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Figure 2 : 
1
H NMR in D2O of neat PVAm (dash line) and P1b (full line) 
 
UV spectroscopy was also used for confirmation of the modification. Unfortunately, 
building up a calibration curve for BHBP in a solvent of this compound, i.e. methanol, was 
meanless, since it is not a good solvent for PVAm, and for P1a, and inversely, water is not a 
solvent for BHBP.  Therefore UV spectra of the neat PVAm and its derivative, P1a, were 
recorded in water and that of BHBP in methanol. 
Comparing the UV-spectra for the three compounds (Fig. 3), it can be observed that a 
strong BHBP absorption band in the region 260 – 325 nm appears for the BHBP grafted 
derivative of PVAm (P1a) signifying the successful modification.  
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Figure 3: UV spectra of BHBP (in methanol, full line), PVAm (in water, dot line) and P1a (in 
water, dash line) at monomer unit concentration of  4x10
-5
[mol/l]. 
 
In the following step, P1a was used for modification directly with MAC units at 
various degrees. A major constraint was faced in modifying the water soluble polymer with a 
moisture sensitive compound, such as MAC. To overcome this difficulty, the reaction was 
performed at the interface between an organic and an aqueous phase, the first one containing 
the respective quantity of MAC dissolved in dichloromethane and the second one containing 
the P1a and triethylamine counterparts. Upon very slow and gentle agitation of the lower 
organic phase, the compounds were allowed to react for 4 h, and after purification were 
analyzed by 1H-NMR. 
The 1H NMR spectrum of compound P2b (with a nominal MAC modification of 20 
mol %) is shown in Figure 4 in comparison with the spectra of the neat PVAm. Upon MAC-
grafting, new peaks appeared at 5,45 ppm and 5,65 ppm, corresponding to the methylene 
protons of the methacrylate groups. The signal of the methyl group from MAC is superposed 
by the peaks from the main chain. However, by integrating the peaks from the double bond, 
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the experimental degree of MAC-grafting was determined (Table 2). Variation of about ± 2 
mol % was observed between the theoretical and the experimental degree of MAC 
functionalization, confirming the good reaction control.  
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Figure 4: 
1
H NMR in D2O of PVAm (dash line) and P2b (full line) 
 
 
Sample code 
Theor. degree of 
functionalization, 
mol % 
Exp. degree of 
functionalization, 
mol % by 1H NMR 
 
Yield 
(%) 
BHBP MAC GtMAC BHBP MAC GtMAC 
P1a  
 
 
3 
- -  
 
 
na 
- - 92 
P2a 10 - 11 - 68 
P2b 20 - 21 - 67 
P2c 30 - 28 - 69 
P3 - 30 - 32 97 
P4 20 30 20.5 32 66 
Table 2: Degree of MAC functionalization 
 
To prepare photopolymerizable cationically modified PVAm, the benzophenone 
modified derivative P1a was first grafted with 30 mol % glycidyltrimethylammonium 
chloride (GtMAC) with respect to the amine groups of PVAm. Since GtMAC does only 
slowly react with water (approx. 0.5 mol% per month at 20 °C), but exhibits high reactivity 
towards primary amines [13,14] the modification reaction could be performed in water. After 
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purification, PVAm-BHBP-GtMAC polymer (P3) was obtained in yield of 97 % and was 
analyzed by 1H NMR. As can be seen from the spectra in Figure 5, the GtMAC modification 
caused new peaks to appear in the PVAm spectrum at 2,36 ppm and 3,4 ppm. The signals 
were attributed to the protons of the two methylene groups from the GtMAC moiety, and at 
3,15 ppm a singulet for three methyl groups from the quaternary ammonium unit became 
visible. These peaks were integrated in order to determine the degree of grafting. The result 
from Table 1 speaks for a good control of the reaction, since 32 mol % were obtained as 
experimental value compared to 30 mol % for theoretically expected. 
It is worth to mention that one amine-group is able to react with one or two glycidyl 
units, as described in references 13 and 14. This may result in inhomogeneous grafting, i.e. 
the concentration of ammonium groups at certain regions of the polymer chain.  
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Figure 5 : 
1
H-NMR in D2O of PVAm (dash line) and P3 (PVAm modified with 3 mol% BHBP, 
and 32 mol% GtMAC) (full line) 
 
The polymer P3 was used for the following modification step, which consists in 
grafting MAC units on the PVAm-BHBP-GtMAC chain under the same conditions as 
described in connection to P2. 1H-NMR analysis of the product obtained in a yield of 66 %, 
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typical for this reaction, showed again an experimental degree of modification similar to the 
expected theoretical value (Table 1, P4).  
 
2.3.2) Electrospinning of polyvinylamine 
From the available scientific literature, it seems that there are no reports concerning 
the electrospinning of PVAm. The selection of the electrospinning parameters was based on 
the literature of electrospinning of cationic polyelectrolytes, such as chitosane [15], poly(2-
(dimethylamino)ethyl methacrylate hydrochloride) (PDMAEMA·HCl) [16], and anionic 
polyelectrolytes, such as poly(acrylic acid) [6].  
The influence of various parameters, namely the concentration, the working distance 
(D), the voltage (V), the solution flow rate (F) and the polymer chemical modification on the 
nanofiber morphology and fibre diameters (df), was investigated.  
 
2.3.2.1) Influence of the solution concentration  
As described in Chapter 1 of this thesis, the presence of simple electrolytes, such as 
NaCl may have some effect on the electro-spinning process. Although an effort has been 
made to purify PVAm from the large amount of NaCl present in the starting solution, the 
possibility to have some traces of salt remaining cannot be neglected. 
A pH of 11 was measured for the neat PVAm solution at the highest concentration 
tested (15 wt%), which supposes the partial or complete dissociation of the polymer and high 
conductivity of the solution.  
The effect of three polymer concentrations, namely 5, 10, and 15 wt% in the aqueous 
electrospinning solution on the morphology of the electrospun mat was tested at a constant D 
of 20 cm between the jet nozzle and the grounded target.  
It was observed that with the lowest polymer concentration of 5 wt% mainly droplets 
were formed on the target (Fig. 6-A). Although some (very few) poorly defined fibers were 
observed, it seems that this concentration is still below the entanglement concentration Ce, 
thus the interaction between the polymer chains is poor and therefore they are not able to form 
fibers. 
Increasing the concentration by a factor of two improved the quality of the obtained 
mat, and fibers with relatively big diameter df (200 - 260 nm) were obtained (Fig. 6 –B). It 
may be considered that 10 w% is in the range C* < C < Ce (where C* is the overlap 
concentration), being closer to Ce, and the interaction between the polymer chains is sufficient 
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for the formation of fibers predominantly. However, few droplets are detected as well, 
signifying certain instability of the jet.  
Further increase of the solution concentration to 15 wt% improved the fibers quality 
and non-defect nanofibers with average df of about 150 nm were obtained (Fig. 6-C). This 
concentration may be thus estimated as sufficient for the formation of a homogenous fiber 
mat.  
In summary, electrospinning of dilute aqueous solutions of PVAm resulted in the 
formation of polymer droplets, most probably due to insufficient overlap between the chains. 
The increase of the solution concentration to 15% gave high-quality nanofibers. Similar 
dependence of the mat quality on the concentration of electrospinning solution has already 
been reported by other research groups for other polymers, such as PDMAEMA·HCl [16] and 
PMMA [17].  
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Figure 6: FE-SEM images of PVAm nanofibers electrospun at different concentrations  
(A) EC1; (B) EC2 and (C) EC3. 
 
 
 
 A 
 B 
 C 
5 um 
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2.3.2.2) Influence of the applied voltage (V) 
In order to investigate the voltage impact on the mat quality, the three solutions (5 wt%, 
10 wt% and 15 wt%) were tested at a higher V of 30 kV instead of 17.5 kV, at the same D and 
F. Nearly the same result was obtained as for the lower V of 17.5 kV. Droplets were observed 
for the most diluted solution (Fig. 7-A) and fine fibers were formed upon increase of the 
concentration (Fig. 7-B&C). This time, droplets were not observed for the 10 wt% 
concentration, although the fibers exhibited a large variation of df in the range 165 nm to 210 
nm. An explanation of the phenomenon may be sought in the improved stability of the jet at 
higher V. It is in compliance with an intuitive view that larger V should lead to a greater 
charge density on the jet surface, thus induce a stronger repulsive force in the jet, and result in 
smaller df.  
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Figure 7: FE-SEM images of PVAm nanofibers electrospun at different concentrations  
(A) EC4; (B) EC5 and (C) EC6 
As observed with the above-mentioned samples, the 15 wt% concentration seems to 
provide well-defined fibers at both low and high V, this concentration was selected for further 
investigations. 
  A 
  B 
  C 
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2.3.2.3) Choice of the working distance (D) and the flow rate (F) 
As already mentioned the distance (D) between the nozzle and the target plays a 
significant role in the fiber formation via regulation of evaporation and stretching phenomena. 
The residual solvent would certainly impact the mat quality, due to partial dissolution of the 
polymer. Therefore, it is of essential importance to select D that would allow for the 
formation of well dried fibers.  
Similarly, at constant D, an increasing flow rate (F) of the solution would lead to 
bigger amount of solvent that should be evaporated. If F is too high incomplete drying and 
stretching, thus, destroyed or poorly defined fibers with larger diameter, can be expected.  
A 15 wt% PVAm solution was electrospun at 30 kV V at two D of 15 cm and 20 cm, 
and at two F of 0.5 mL/h and 1.0 mL/h. In all cases (Fig. 7-A, Fig. 8 A-C), well-defined and 
non-stuck nanofibers were obtained, which is an evidence for sufficient drying of the fibers 
during their flight to the target under these conditions. From these results, it seems that the 
impact of D and F in the selected ranges on the fiber quality is lower than that of the solution 
concentration and the applied V. 
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Figure 8: FE-SEM images of PVAm nanofibers electrospun  
(A) EC7; (B) EC8 and (C) EC9. 
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2.3.3) Fiber diameter (df) at various processing parameters 
In order to determine the influence of processing parameters on df, 15 wt% PVAm 
solution was electrospun at various V, D and F (Fig. 9). For fixed V of 17.5 kV, an average df 
of about 150 nm was observed for various D and F. It was no more the case, when V was 
increased, and, moreover, the higher it was, the stronger the df variation. The general tendency 
was towards increase of df with decrease of D, whatever F, which may be explained with 
poorer stability of the jet, evidenced also by the wider df variation.  
For the longer D smaller df was usually obtained, signifying better elongation of the 
fibers during their longer trip to the target.  
However, fibers with diameter in the nanometric range between 110 nm and 210 nm 
were obtained, whatever V, D and F, which justifies that well-chosen electrospinning 
parameters have been used. Such processing parameters were then used for the 
electrospinning of the chemically modified PVAm.  
 
Figure 9: Average diameter (df) of dry electrospun fibers obtained 
by electrospinning at the conditions of samples EV1-EV16, Table 1. 
 
  EV1 -EV4 
 EV5  -EV8 
 EV9  -EV12 
 EV13-EV16 
- 101 - 
 
 
2.4) Electrospinning of polyvinylamine derivatives 
The purpose for the chemical modification of PVAm described above was to impart the 
electrospun nanofibers with stability against dissolution in water, so that they would not 
dissolve upon immersion in an aqueous solution. Therefore nanofibers were microscopically 
observed directly after electrospinning and then after 24 h immersion in water at room 
temperature followed by drying under vacuum. 
2.4.1) Electrospinning of PVAm-BHBP-MAC derivatives (P2) 
Firstly, 15 w% solutions of the two PVAm derivatives P2a (10 mol% MAC) and P2b 
(20 mol% MAC), bearing photoinitiator (BHBP) and methacrylic functions, were electrospun 
at different V, D and F. Nanofibers with no droplets or broken fibers were observed (Fig. 10-
A,B), which proves the substantial jet stability. This quite promising result is demonstrative 
for the negligible influence of the chemical modification on the quality of the electrospun 
mat.  
 
 
 
Figure 10: FE-SEM images of nanofibers electrospun from samples  
(A,C) CV8 and (B,D) CV16 (Table 1) before and after washing in water for 24 h. 
  A   B 
  C   D 
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The diameter of the fiber, df, varied in the nanometer range between 155 nm and 205 
nm for both derivatives, P2a and P2b, and for all tested electrospinning conditions (Fig.11-
A). This counts for stable electrospinning jet at the selected voltage V, distance D and flow 
rate F. 
The nanofibers were further UV-irradiated to crosslink the methacrylic functions and 
the samples were extensively washed in water, to remove any non-crosslinked molecules of 
PVAm or PVAm-derivatives.  
The fibers integrity persisted water treatment (Fig. 10- C,D), independently on the 
amount of grafted MAC, which means that the purposed stability of the strongly hydrophilic 
polymer fibers was achieved. After drying under vacuum, an increase of df up to about 550 
nm for some particular cases was established (Fig. 11-B), most probably, due to flattening of 
the fibers during the swelling and drying steps. From the results presented in Fig. 11-B, it is 
difficult to derive further correlation between the degree of MAC-functionalization, the 
processing parameters and df.  
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Figure 11: Diameter of the fibers (df) obtained by electrospinning of 15 wt% P2a and P2b 
solution at various F, V and D, (A) before and (B) after washing in water for 24 h 
 
Photographic images of an electrospun and UV-irradiated mat (CV 20) obtained from 
15 wt% solution of PVAm-BHBP-MAC derivative (P2b), were made before, upon and after 
washing in the dry and hydrated state (Fig. 12). The sample remained undamaged throughout 
the processing. It retained its integrity upon washing and could be easily removed from the 
water bath by means of a pincette after 5 h of immersion. Upon gentle spreading on the 
surface of a Petri dish and subsequent drying in air for 24 h at 35 °C, the electrospun mat 
remained intact, although flattened, which is in accordance to the microscopic observations.  
This sample (CV 20) was selected for antibacterial testing with Escherichia Coli. 
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Figure 12: Photographic images of electrospun nanofibers of PVAm-BHBP-20MAC (CV 20, 
Table 1) 
 
2.4.2) Electrospinning of PVAm-BHBP-MAC-GtMAC 
Electrospinning of 15 wt% aqueous solution of PVAm-BHBP-MAC-GtMAC (P4) was 
performed at the conditions of sample EP1, Table 1. Upon microscopic observation, needle-
like crystals were observed to cover the fibers (Fig. 13), which more probably resulted from 
the crystallization of the grafted GtMAC units. These formations impeded the determination 
of the exact fiber diameter df which was in the range 200-250 nm.  
Upon detailed investigation of the microscopic image of that sample, some irregular 
crystals were observed. Elemental analysis showed that they were formed from remaining 
traces of NaCl.  
It may be concluded that grafting GtMAC on PVAm impacts the morphology of the 
obtained nanofibers, increasing their roughness in the dry state. Unfortunately, it was not 
10 
 
10 um 
Before H2O After H2O 
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possible to investigate the morphology of the crystals in the hydrated state of the sample, 
since FE-SEM is not applicable. This sample was used for the following antibacterial tests. 
A.  
B.  
Figure 13: FE-SEM image of nanofibers of the polymer P4  
electrospun at the conditions of sample sample EP1, Table 1 
 
2.5) Antibacterial tests with Escherichia coli 
The ability of the stabilized PVAm electrospun nanofibers from sample EP1 and CV20 
to impede the growth of Escherichia coli bacteria was tested. The electrospun mats were 
detached form the collection electrode, sterilized and kept in contact with dispersion of 
bacterial cells at106 bacteria/mL concentration for 0 h, 0.5 h, 2 h and 24 h at 37 °C and upon 
agitation at 75 rpm. The collected aliquots from each sample were incubated at 37 °C for 24 h 
and the bacterial colonies were counted.     
Anytime, 300 µg of the electrospun mats per 1 mL bacterial suspension was tested. This 
concentration is 3 fold higher than the highest concentration tested by Westman et al [1], but 
Crystal of P4 Crystal of NaCl 
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it was considered that being crosslinked, not all PVAm chains from the fibers will be in 
contact with the bacteria which would probably reduce their antimicrobial activity.  
It is important to mention that the UV-sterilization performed before testing may 
influence the degree of nanofibers crosslinking, although the light intensity of 1 W/cm² for the 
sterilization lamp is much lower than the one used for the crosslinking process (160 W/cm²).  
Figure 14 shows the number of colonies counted at different contact times (T) between 
the fibers and the bacteria. Even for the shorter T of 0.5 h no surviving bacteria and, 
respectively, no colony formation was observed for the PVAm-BHBP-20MAC sample 
(CV20) (Fig. 14 A) in contrast to 48 colonies for the positive control one. For comparison, 
Westman and his co-workers [1] did not observe such efficiency even for the highest 
concentration and 20 h of contact, which may, however, be explained by the three-fold higher 
concentration in this case. Expectedly, no colonies were observed for that sample at longer T, 
confirming the antibacterial activity of these fibers.  
Surprisingly, this was no longer the case for the ammonium-group bearing fibers (EP1), 
for which survivals were observed even at the longest T of 24 h (Fig.14 – B), although at 
lower number of 424 colonies compared to 715 colonies for the positive control sample. 
Moreover, it was observed that the sample remained far less swollen in water compared to 
sample CV20.  
 
Figure 15: Number of Escherichia coli colonies formed after various T for a positive control 
sample and sample mats (A) CV20 and (B) EP1 
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2.6) CONCLUSIONS 
For the first time, nanofiber mats of PVAm have been successfully prepared by 
electrospinning. At solution concentrations below 10 wt%, droplets were predominantly 
present, independently on the applied voltage (15-30 kV). Good quality mats have been 
obtained with average fiber diameters in the range between 110 nm and 210 nm, at solution 
concentration of 15 wt% and various other processing parameters. No explicit correlation was 
observed between the diameter of the obtained fibers and the applied voltage, working 
distance and flow rate, in considerably wide parameter variation ranges.  
Chemical grafting of the initial polymer with photoinitiator (BHBP) and methacrylic 
functions (MAC), and photocrosslinking after electrospinning improved the stability of the 
fibers. Due to photocrosslinking the fibers became water-swellable but water-insoluble. Such 
stability is essential for the potential applications of the mats for water filtration, wound 
healing, etc.  
For some of these applications, the mats should provide certain antimicrobial activity, 
which has been tested in vitro with Escherichia coli. The MAC- stabilized PVAm mats were 
found to be very efficient as antibacterial agents.  
The grafting of ammonium groups on the MAC-modified PVAm was found un-
necessary, since the morphology of the electrospun fibers was found inferior to the 
counterparts without such groups. Furthermore the introduction of quaternary ammonium 
groups deteriorated the antimicrobial effect. The reason for this observation is yet unknown. 
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CHAPTER III 
 
EASY-TO-APPLY STABLE COATING FOR 
POLYTETRAFLUOROETHYLENE VASCULAR 
GRAFTS 
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3.1) INTRODUCTION 
Damaged or diseased blood vessels are most often replaced or bypassed by vascular 
prosthesis, named also vascular grafts (Fig. 1). Such implants are usually manufactured from 
polytetrafluoroethylene (PTFE, Teflon®) or polyethyleneterephthalate (PET), and have an 
inner diameter of 5 mm or more. They exhibit a microporous structure of the walls, which 
may be described as roughly parallel-running clumps of material with perpendicular fibers 
connecting them [1], allowing the exchange of nutrients and body liquids.  
 
Figure 1: Photographic image of a Teflon® vascular graft  
 
Although frequently performed, the implantation of such devices may lead to some 
complications, which are most frequently related to the formation of thrombus (clot) [2], 
typically with the smaller diameter prosthesis [3]. Various hypotheses have been proposed in 
the scientific literature for the factors leading to this complication.  
In one hypothesis, so called gas nuclei (microscopic air bubbles) trapped between the 
fibers of a Teflon vascular graft were suspected to lead to protein denaturation, and thus clot 
formation [4-6]. According to the authors supporting this theory, the presence of nuclei 
impacts the affinity of the material for whole blood. They also admit that denucleation would 
allow more rapid adsorption of the proteins and thus better biocompatibility of the 
denucleated PTFE compared to the neat one [4-6]. Various strategies have been proposed for 
denucleating the grafts, including subjecting the material to hydrostatic pressure and/or 
vacuum, substituting the air bubbles by a relatively low polarity solvent [2]. Unfortunately, 
Parashar et al [2] observed that immersion of a Teflon graft in acetone led to dramatic change 
in the physical aspect and dimensions of the grafts after treatment. Moreover, they found that, 
upon handling the treated material, re-nucleation appeared.  
A second hypothesis suggests that due to the poor affinity of the endothelial cells 
towards PTFE, regarded as optimal contact layer to the blood stream, to adhere to the surface 
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of the graft and, provokes more pronounced inflammatory and foreign-body response, which 
results in clot formation [3]. Surface modification with oxygen and nitrogen glow discharge 
plasmas was, therefore, tested on PTFE vascular grafts by Dekker and his co-workers [3]. 
They observed that the water-wettability of the treated samples was enhanced compared to the 
initial one, which augmented the human endothelial cell adhesion on the plasma treated 
grafts. This observation is in compliance with the theory of Kiaei et al [7], which was 
discussed in the introduction of this thesis. 
From the above literature review, it is evident, that there are still some difficulties in 
managing the anti-trombogeneity of the PTFE vascular grafts due to: 
-  Their specific wall micro-structuration; 
-  Relatively small inner diameter, which does not allow homogeneous modification 
by techniques such as glow discharge plasma; 
- Difficulty in finding the equilibrium between protein adsorption and cell adhesion.  
The mechanical performances and inertness of the native PTFE polymer provide its 
long-term stability during its in vivo application, but the lack of surface functionality is 
detrimental in terms of adequate tissue response [8]. The latter is due to the extreme 
hydrophobicity of the PTFE surface, which makes the graft unattractive for the endothelial 
cells.  
Various techniques have been used for the modification of the surface of microporous 
or flat PTFE in order to alter its hydrophilicity, polarity and, consecutively, biological 
compartment. Among these, photochemical activation [8] and plasma surface modification [9] 
have attracted significant interest. As a result of a physical-chemical attack of the surface 
during such treatments, functional amine groups have been created and were found to 
improve the surface wettability and endothelial cell adhesion [8].  
However, it is well established that such top surface activation is questionable in terms 
of stability because surface reorganization is possible for long-lasting applications, which may 
affect the implant performance.  
Moreover, some of the techniques are non-applicable for modification of the 
complicated three dimensional geometry of vascular grafts, especially when their inner 
diameter is too small and non-accessible.   
In another attempt, PTFE activation has been performed by attacking the polymer 
surface with strong reducing agents, such as alkali metals or benzoin diion-containing 
substances [10]. 
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All these techniques are characterized their aggressive attack towards the PTFE surface, 
and may alter the functionality and mechanical strength of the material. 
Here, an easy-to-apply coating and a two-steps coating process for PTFE vascular grafts 
are proposed. In a first step, the nano- and micro-structures are “dressed up” with 
polyethyleneimine (PEI) coating. Hence, reactive amine- groups are provided to the surface 
via a non-aggressive and non- destructive method for further modification. 
The amine-groups may then be reacted in order to graft a biologically active substance, 
such as an active principle, an anti-microbial agent, a growth factor, a protein or an anti-
fouling agent. Then a second modification layer of poly(ethylene glycol) (PEG), which is 
known for its protein- and cell-repellent character is chemically grafted [11-14].  
PEG is known to be highly biocompatible in terms of low inflammatory reaction due to 
the strong mobility of its chains in water, which sterically repel the proteins floating in the 
biological liquids, and thus, impedes the formation of an extracellular matrix and the cell 
(platelet) adhesion [11-14]. 
Recently, the improved antifouling properties of surfaces coated by star-PEG compared 
to linear-PEG has been demonstrated [15]. These results stimulated to study PTFE vascular 
grafts by such coatings.  
 
3.2) EXPERIMENTAL PART 
3.2.1) Materials  
Polytetrafluoroethylene (PTFE) vascular grafts (L: 70cm, D: 5mm) (JOTEC GmbH) 
were used for the study. The pores of their walls have irregular shape with average dimentions 
of 25-30 µm length and 2-5 µm width in house (SEM observation). This information is not 
specified by the supplier.  
Polyethylenimine (Mw 800 g/mol (PEI 800) and 25 000 g/mol (PEI 25 000)), 
isophorone diisocyanate (IPDI), 2,2’-azobis (2-methylpropionamidine) dihydrochloride 
(AMPD) and NaOH were supplied from Aldrich. Glycidyl methacrylate (GMA) was a 
product of Fluka. Star polyethylene glycol (PEG) with six arms, Mn 12000 g/mol and 
polydispersity index (PDI) = 1,15 was kindly provided by Prof. D. Klee (DWI, Aachen). 
MilliQ water (conductivity 18,2 mΩ/cm) from a Millipore system was used as solvent. 
Isopropanol for synthesis was supplied by Aldrich and used as received. 
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3.2.2) Analytical methods 
X-ray photoelectron spectroscopic (XPS) characterization was carried out using a 
Kratos Ultra AxisTM system with a monochromatized Al Kα X-ray source with energy of 
1486.6 eV and a power of 150 W. The base pressure of analysis chamber was approximate 
6x10-8 Pa. Spectra were acquired in the contact analyzer energy mode using pass energies of 
160 eV for survey spectra and 40 or 20 eV for detailed scans. The collecting angle of 
photoelectrons was 0o with an analysis area of approximate 0,3 x 0,7mm and an information 
depth of around 10 nm. The sample neutralized with 2,6 eV electrons. 
Water droplet contact angle (CA) measurements were performed on equipment G402 
(Kruess) with a drop-shape analyzing software DSAII and an average value was calculated for 
at least 5 measurements. Each measurement was performed 30 sec after the drop deposition.  
1
H Nuclear Magnetic Resonance (NMR) spectra were collected on a Bruker DPX-300 
FT-NMR spectrometer at 400 MHz in D2O and CD3Cl and tetramethylsilane (TMS) as an 
internal standard. 
Scanning force microscopy (SFM) images were recorded by means of the acoustic 
mode with a “PicoSPM” scanning probe microscope (Molecular Imaging, USA). We used 
silicon FM-W cantilevers (NanoWorld, Switzerland) with a resonance frequency of 68–87 
kHz, Force Constant 2.8 N/m. 
Field emission scanning electron microscopy (FE-SEM) was performed with a S-
4800, HITACHI equipment. 
 
3.2.3) Synthesis of methacrylate grafted polyethylenimine (PEI-GMA, M1 and 
M2)  
In a 250 ml double-neck flask 100 ml of an aqueous solution of 5,12g (0.119 mol 
monomer units) PEI was prepared. The pH of the solution was adjusted to pH = 13 by 
addition of 0,1 M NaOH under vigorous stirring. The solution was then heated to 80 oC, 
deoxygenated by argon bubbling for 15 min and mixed with 3,38g (0.024 mol) GMA, 
corresponding to 20 mol% GMA with respect to the amine groups of the PEI chain [16]. The 
reaction was performed for 6 h at 80 oC and the polymer was purified by a triple precipitation 
in cold acetone (-30 °C) at water/acetone ratio of 20/80 v/v. The purified polymer was 
analyzed by 1H NMR in D2O (Table 1 and Fig. 3). 
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Sample 
code 
Mn PEI, 
g/mol 
GMA  Yield  Degree of MAC 
grafting (NMR, %) 
NMR peaks, 1H NMR in D2O 
M1 800 23.7 
mmol 
8,075 g 
(98%) 
19.0 1.72 ppm (3p, s, CH3-C=C), 2.38-
3.05 ppm (common peak for all –
CH2-N= from the entire molecule), 
3.28-3.94 ppm (3p, common peak for 
–O-CH2-CH (OH)-), 5.16 & 5.48 
ppm (2x1p, s, CH2=C<) 
M2 25 000 23.7 
mmol 
8,075 g 
(95%) 
18.5 
Table 1: Data on the preparation of the PEIMA polymers 
 
3.2.4) Preparation of the isocyanate-terminated star PEG. 
The preparation of the star polymers has been described elsewhere [17]. Hydroxy-
terminated six-arms star PEG (Mn 12 000 g/mol; PD = 1,15) was functionalized through 
reaction with 12 fold excess of IPDI in a solvent free process at 50 °C for 5 days under an 
inert gas atmosphere. The excess of IPDI was removed by short path distillation. Size 
exclusion chromatography of the product (star PEG) proved no dimer or trimer formation.  
 
3.2.5) Modification of the PTFE vascular grafts 
Step 1: Modification of the PTFE vascular grafts by M1 
The coating solutions were prepared according to the conditions of Table 2 and were 
used for modification of PTFE grafts. 
Sample 
name 
Coating 
polymer 
PEIMA 
concentration, g/mL 
Solvent for 
grafting, 5ml 
Drying 
Analytical 
characterization 
T 
Neat 
PTFE 
graft 
none none Not 
FE-SEM, XPS, CA, 
prot. ads. 
GW M1 0,1 H2O 
Dried FE-SEM, CA, XPS 
Not-dried Prot. ads. 
G1 M1 0,01 
Isopro/H2O, 
25/75, v/v 
Dried FE-SEM, CA, XPS 
Not-dried Prot. ads. 
G2 M2 0,01 
Isopro/H2O, 
25/75, v/v 
Dried FE-SEM, CA, XPS 
Not-dried Prot. ads. 
G3 M1 0,1 
Isopro/H2O, 
25/75, v/v 
Dried FE-SEM, CA, XPS 
Not-dried Prot. ads. 
G4 M2 0,1 
Isopro/H2O, 
25/75, v/v 
Dried FE-SEM, CA, XPS 
Not-dried Prot. ads. 
Table 2: Experimental conditions and sample codes for step 1 (prot. ads. = in vitro protein 
adsorption) 
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Briefly, PEI-GMA (M1 or M2) was dissolved in 5 ml solvent (H2O or 
Isopropanol/H2O) in the presence of 0,1x10
-3 g/ml thermo-initiator 2,2’-azobis (2-
methylpropionamidine) - dihydrochloride.  
Different specimens of the PTFE vascular graft with 3,5 cm length, and having one end 
blocked were connected by the open end to syringes, filled with 5 ml coating polymer 
solutions (GW, G1, G2, G3 or G4, Table 2). The solutions were then injected in one shot into 
the vascular graft specimens, and penetrated the porous walls for 5 min. The residue was 
eliminated by manual shaking and the grafts were placed in an oven for 10 h at 80 °C in order 
to crosslink polymerize the methacrylic functions. 
Unreacted and non-crosslinked compounds were eliminated by washing. For that, the 
vascular grafts were placed on a pump (Watson Marlow 505 Di), and water was pulsed at 140 
frequency kHz/min, for 168 h through the tubular sample.  
The samples were then cut into pieces and some specimens were used for protein 
adsorption test. The other part of them was dried for 10h at 80°C for performing XPS, FE-
SEM characterization or of subsequent star-PEG grafting.  
 
Step 2: Grafting star-PEG-NCO onto the PEI-GMA-modified surface of the PTFE 
vascular grafts 
The PEI-GMA coated PTFE vascular grafts from step 1 were further modified by 
grafting of a surface layer of star-PEG-NCO. The initial sample was cut in rectangular pieces 
with dimensions of 1,5 x 1 cm and was coated with a thin layer of star-PEG-NCO applied 
with a spatula. The NCO-groups were then reacted with the amine groups from PEI at room 
temperature for 2 h. The non-reacted star-PEG-NCO was then remove by immersing the 
coated vascular grafts 4 times, each for 30 min, in 100 ml water at room temperature. The 
samples are subsequently dried in a vacuum oven at 80 oC for 10 h. The sample codes for 
each condition and the performed analyses are given in Table 3. 
 
Sample name Coating polymer 
Drying Analytical 
characterization 
GS1 
St-PEG 
No PEI coating 
Dried FE-SEM, CA, XPS 
Not-dried Prot. ads. 
GS2 G1 + St-PEG 
Dried FE-SEM, CA, XPS 
Not-dried Prot. ads. 
GS3 G3 + St-PEG 
Dried FE-SEM, CA, XPS 
Not-dried Prot. ads. 
Table 3: Experimental conditions and sample codes for step 2 
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Some of the washed modified PTFE vascular grafts were directly used for protein 
adsorption tests. Another part was dried at the previously described conditions and used for 
characterization by XPS and SEM. 
 
3.2.6) In vitro protein adsorption test 
Each sample was immersed in 500 μl solution of bovine serum albumin 
tetramethylrhodamine conjugate (BSA) (50 μg/mL) in phosphate buffered saline (PBS) of pH 
7,4, in the dark for 20 minutes. The supernatant liquid was replaced by 500 μl PBS, and the 
sample was again placed in the dark for 10 minutes. This washing procedure was repeated 
twice. The samples were then observed with an optical microscope (Zeiss Axioplan 2 
imaging) with fluorescent light (XBO 75) and F31 filter. The protein adsorption was 
qualitatively determined by visual comparison of the intensity of the red coloration from the 
fluorescing protein.   
 
3.3) RESULTS AND DISCUSSION 
For biocompatibilizing the very non-polar PTFE surface, a two step modification 
treatment was investigated.  
In the first step a PTFE surface was coated with a mixture of low molecular weight 
thermal initiator and a polyamine bearing polymiryzable methacrylic side groups. Upon 
irradiation with UV light the initiator should decompose and generate radicals, which will 
initiate crosslink polymerization of the methacrylic functions of the PEI-chains. The cross-
linked PEI layer would be permanently attached to the three-dimensional microstructure due 
to its insolubility. This crosslinking of the polyamine layer enforces the tight mechanical 
adherence around the microstructure of the PTFE-vascular graft that should keep the coating 
in place. 
In the second step it is intended to graft covalently isocyante- functionalized star-PEG 
macromolecules to the polyamine layer.  
 
3.3.1) Synthesis of methacrylate grafted polyethylenimine (PEIMA, M1 and M2)  
Coating the microstructures from the three-dimensional PTFE vascular graft (Fig. 1) 
wall by physi-sorption would be ineffective, if the coating is not stabilized, since it can be 
easily washed away by the blood during its application.  
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Polymerization active polymamines required for the first step have been prepared by 
reacting polyethyleneimine with glycidyl methacrylate (GMA). PEI was grafted with 
crosslinkable methacrylic functionalities by reacting 20 mol% of its amino groups with 
glycidylmethacrylate (GMA) (Scheme 1) according to the conditions described by Pinschmidt 
et al [13]. Polymers M1 and M2 were obtained with yield of 98 % and 95 %, respectively. 
1H NMR analysis of the methacrylated samples PEI demonstrated the presence of 
methacrylic units along the PEI chain after reaction with GMA (Fig. 2). Moreover, upon 
integration and quantitative calculation, it was established that the theoretical degree of 
functionalization (20 mol %) was closely achieved for both samples (M1 and M2) signifying 
almost full completion of the reaction. Indeed, by 1H NMR 19 mol% of the functional amine 
groups of PEI were found to be GMA functionalized for the lower molar mass M1 and 18.5 
mol % for the higher one, M2. The variation of 0,5 mol % in content may be explained with 
more difficult diffusion of the GMA molecules through the coils of the longer PEI 25 000 
chains rather than the shorter PEI 800 ones. However, simple calculations based on the 
number of modified monomer units towards the total number of units shows that in average 
3,5 and 107 GMA molecules have been grafted per chain PEI 800 and PEI 25 000, 
respectively. Theoretically, functionality f > 2 for (meth)acrylates is sufficient to result in a 
covalently crosslinked three-dimensional insoluble network. 
 
 
Scheme 1: Reaction scheme for the fictionalization of PEI with 20 mol % GMA 
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Figure 2: 
1
H NMR spectrum of PEI 800 (black line), GMA (red line) and M1 (green line) 
 
3.3.2) Modification of the PTFE vascular grafts 
Step 1: Modification of the PTFE vascular grafts by M1 and M2 
For the present study, it was selected to “dress up” the micro-structured PTFE material 
with the more hydrophilic PEI as shown on scheme 2 (AB). A main constrain for this step 
was the intrinsic hydrophobicity of the PTFE substrate opposed to the intrinsic hydrophilicity 
of PEI (solubility in water), which makes the two components incompatible, and 
physisorption quite difficult. 
To alter temporary the PTFE counterpart, 25 v% isopropanol was added to the aqueous 
solution of PEI-GMA (M1 or M2), and was expected to act as an interfacing agent bringing 
the PEI-GMA chains to the PTFE surface more easily than water. To pre-validate the concept, 
the wettability of the PTFE surface was tested first by water, isopropanol and 
water/isopropanol (25/75, 50/50, 75/25, v/v) co-solvent mixtures by contact angle 
measurements in order to determine the composition which most efficiently wets the 
substrate, at the lowest isopropanol content.  
An advancing contact angle of 125° was measured for pure water after 30 sec of contact 
of the water droplet with the surface of the substrate, signifying the strong difference of the 
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surface energy, which did not allow the solvent to wet the surface. It is known that the porous 
structure of the vascular graft may also affect the measurement, since some water penetration 
may be expected in the larger pores, while “Cassio state” may occur for the smaller ones [18]. 
However, the absolute values are of minor importance, since only the effect of alcohol content 
in the wetting liquid shall be qualitatively investigated.  
When isopropanol was used as wetting liquid a contact angle close to 0° was measured, 
since wetting occurred immediately and the solvent penetrated the PTFE substrate within a 
second, with no drop remaining on the surface. This result clearly demonstrated the difference 
between both solvents, isopropanol being a better wetting agent for PTFE than water.  
In a next attempt, three mixtures of isopropanol and water were tested, using 25, 50, and 
75 v% concentrations of the organic solvent. Independent on the selected alcohol content, 
complete wetting and disappearance of the drop occurred in less than 30 sec which is the 
period of the measurement. Isopropanol concentrations lower than 25 v% resulted in much 
slower wetting and were thus of no interest. The coating polymer dissolved completely in the 
three co-solvent mixtures for both modification concentration (0.01 and 0.1 g/mL), with no 
traces of non-dissolved aggregates that might deposit onto the PTFE surface. 
When pure isopropanol was tested as solvent for the coating, it was observed that too 
much polymer was deposited on the substrate and its pores became almost completely 
blocked. Since this phenomenon would impede proper transport of nutrients and gases such 
samples have not been considered further.  
Hence modifications were performed in isopropanol/water, 25/75 v%, co-solvent 
mixtures, providing good penetration ability of the PEI-GMA solution into the pores of the 
PTFE vascular graft and sufficient coating of the microstructures.  
Two concentrations of PEI-GMA (0,01 and 0,1 g/mL) in the coating solution were 
tested for both polymers M1 (samples G1 & G3) and M2 (samples G2 & G4). After 5 min 
penetration of the coating solution within the pores of the PTFE vascular graft, any residual 
liquid was removed by gentle shaking of the substrate. The grafts were then thermally treated 
at 80 °C for 10 h in order to stabilize the PEI-GMA coating by free crosslink polymerization. 
Hence, an insoluble coating was formed. 
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Scheme 2: Steps of the PTFE modification: (A) neat sample; (B) after dip-coating with 
PEI-GMA; (C) after crosslinking of the PEI-GMA network; (D) after star-PEG grafting 
 
The grafts were then characterized by FE-SEM, and it was observed that the porous 
microstructures of the neat PTFE vascular graft (Fig. 3- A&B) resisted to the PEIMA coating 
step and remained intact. This becomes evident in the FE-SEM image of a representative 
sample (G3) coated with the higher concentration of 0,1 g/ml of polymer M1 (Fig. 3-C). 
Similar pictures were detected for with the other samples (G1, G2, G4). 
The only visible feature exhibited by PEIMA coating is the presence of a spider-web-
like formation between the PTFE microfibers from the neat vascular graft, which are more 
like due to the coating (Fig. 3-C).  
In order to simulate the blood movements along the modified vascular grafts and the 
coating resistance, vascular grafts (G1 and G3) covered with a crosslinked coating of M1 
were subjected to a pulsed water stream by pumping water through them at a frequency of 
140 pulses/min for 7 days. The water in the 5L reservoir was refreshed twice a day. By this 
treatment washed away all non-reacted reagents and PEI-GMA molecules were removed and 
simultaneously simulated the heart-beat induced liquid stream conditions to which the 
vascular graft would be subjected during an in vivo application.  
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After drying the samples were inverstigated by FE-SEM (Fig. 3-D) and it seemed that 
the coating resisted the pumping, since the morphology of the sample was similar to that of 
the same sample before washing, and the spider-web-like fibers still remained. The porosity 
of the structure also remained intact after washing, although, some swelling of the coating 
may occur upon wetting of the vascular graft in the physiological solution. 
 
 
 
 
 A 
 B 
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Figure 3: FE-SEM images of PTFE vascular graft (A) neat T, transverse 
and (B) neat T, parallel section; coated by crosslinked G3 at conc. of 
0,1 g/mL, (C) before and (D) after 7 days washing with water 
 
Chemical characterization of vascular grafts before (T) and after coating with PEI-GMA 
in isopropanol/H2O at various concentrations (G1 and G3) was performed by XPS and the 
spectra are shown in Figure 4. It is evident that only a peak for the C-F bond is observed for 
the initial substrate T (Fig. 4, A) at 292,2 eV together with a low intensity peak at 285 eV for 
the C-C bond.  
After grafting PEI-GMA (M1), the intensity of the peak for the C-C increased compared 
to that of the C-F bond, as a result of the contribution of carbon from the grafted polymer. 
Meanwhile, new peaks appeared at 286 eV for the C-O and C-N, and at 288,3 eV for the C=O 
group (Fig. 4, B & C) signifying the presence of a coating and their intensity increased upon 
 C 
 D 
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increase of the PEI-GMA (M1) solution concentration (G1 and G3, Tables 1 & 3), which may 
be related to higher coating thickness. Similar results were obtained for the samples coated by 
the polymer M2.  
Figure 4: XPS spectra of (A) the neat (T) and the PEIMA (M1) coated substrate at 
concentrations (B) 0.01 g/mL (G1), (C) 0.1 g/mL (G3) in isopropanol/H2O, 25/75, v/v. 
C-C 
C-O 
C-N 
C=O 
C-F  C 
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Pure water as solvent was non-suitable for the modification, since no O (oxygen)- and N 
(nitrogen)- containing species were detected after modification (GW, Table 3), and the 
composition remained unchanged compared to that of the neat substrate (T, Table 3). Another 
evidence for that is the contact angle which did not change after modification, and it may, 
thus be concluded, that coating the micro-structured substrate was not possible with water as 
solvent.  
Using isopropanol/H2O, 25/75, v/v, as solvent changed this result and O was readily 
observed for all graft-polymer compositions and solution concentrations. Theoretically, if the 
surface was completely covered by PEI-GMA, with a coating thickness sufficient to mask the 
PTFE substrate below, only the atoms from the coating polymer should have been detected. 
However, the lower PEIMA concentration of 0,01 g/mL (G1 and G2, Table 1&3) led to the 
formation of very thin and probably non-regular coating, because only 1 at.% of oxygen was 
detected, independently on the PEI chain length (G1 and G2, Table 1&3,) compared to the 
theoretical value of 12 at% for a completely coated surface. For the same samples, the 
absence of N may be explained with the fact that the measured value is within the detection 
limit of the method and much lower than the theoretical value of 20 at%. By repeating the 
mesurment the same result was obtained which confirms the above hypothesis.  
Ten-fold increase of the concentration of the coating solution (G2 and G3, Table 1&3), 
was expected to provide a thicker and probably more homogeneous coating. The theoretical 
atomic ratio of 12/20/68 for the O/N/C atoms was not achieved whatever the molar mass of 
the grafted PEIMA. However, 3 to 4 at% of N and 3 to 5 at% O were detected, demonstrating 
that a coating was achieved obviously thicker than the one formed at lower concentration. 
Howerver, the concentration applied from the detection of fluorine via XPS after coating. 
It is possible that the XPS probing ray covers a surface comprising some coating 
irregularities, such as holes, or that the coating is thinner than the XPS probing depth.  
Unfortunately, probing the coating thickness was impossible because (i) of the irregular 
structure of the substrate, and (ii) its polymeric nature, which is not compatible with the 
conventional techniques for determination of a coating thickness, such as elipsometry, for 
instance, for which a reflecting substrate is essential. 
However, a relative degree of coverage was determined in respect to the theoretical and 
experimental atomic percentage of F and O. These two elements were selected, because F is 
typical only for the vascular graft substrate and O only for the coating.  
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Hence, it was observed that the vascular graft was more effectively covered when the 
higher concentration coating solution was used for the first step (G3, G4, Table 1&3), since 
30-42 % of the theoretically calculated O content were detected, compared to 8 % for the 
lower concentration solution (G1, G2, Table 1&3).  
Unfortunately, the relative effective degree of coverage cannot distinguish between 
“thin” layer, thinner than the XPS probing depth, and “thick” layer with irregularities. It 
remains a challenge to establish the coating parameters, especially on complicated three-
dimensional microstructure like that of the vascular graft. 
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Sample 
name 
Coating polymer 
Atomic % theoretical  Atomic % XPS experimental 
Effective degree 
of coverage β 
 
Contact 
angle, ° F 1s O 1s N 1s C 1s F 1s O 1s N 1s C 1s βF βO 
T 
Neat PTFE graft 
67 - - 33 
68 - - 32 
0 0 
125 
GW 
M1 
-  
 
12 
 
 
20 
 
 
68 
64 - - 36 
5 0 
126 
G1 
M1 
- 
59 1 - 40 
12 8 
33 
G2 
M2 
 
58 1 - 41 
15 8 
32 
G3 
M1 
- 
59 5 4 32 
12 42 
25 
G4 
M2 
- 
57 4 3 36 
13 3 
24 
GS1 Star-PEG 
-  
33,5 
 
0,5 
 
66 65 1 - 34 
3 3 124 
GS2 G1 + Star-PEG 
- 
45 12 4 39 
33 36 42 
GS3 G3 + Star-PEG 
- 
37 13 2 48 
45 39 43 
Table 3: XPS data for unmodified and modified PTFE vascular grafts. 
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Contact angles of 125o and 126° were measured on the neat PTFE graft (T) and the one 
coated with PEI-GMA in water (GW), respectively, while those for the samples G1 to G4 
coated with crosslinked PEIMA after washing and drying, varied in the range 24-33°. Indeed, 
slightly lower values were measured for the higher grafting concentration of 0.1 g/mL 
(G3,G4), but this variation is within the error of the method of about 5°, as estimated by the 
five repetitions of the measurements performed per sample. 
The significant decrease of the contact angle of the substrate after PEI-GMA grafting 
with more than 100° is speaking for increasing hydrophilicity due to the hydrophilic nature of 
the grafted polymer.   
The PEI-GMA coating allows an improvement of the wettability of the PTFE surface 
which is essential for the proper transport of nutrients by the body fluids and for avoiding the 
trapping of air bubbles within the pores, but does not necessarily dispose with the aimed 
antifouling properties, which will be discussed in a forthcoming section. However, it provides 
the surface with some reactive amino groups, which may be further reacted with an 
antifouling coating, such as PEG. Indeed, the samples coated by PEI-GMA (M1) were 
selected for further coating by star-PEG and protein adsorption tests, because no significant 
difference was observed with the PEIMA (M2), and because residues of lower molar mass 
molecules, that are not stably crosslinked may be more easily removed by washing when 
compared to corresponding compounds with higher molar mass. 
 
Step 2: Modification of the PEI-GMA (M1) coated PTFE vascular grafts by star-PEG-NCO 
The PEI-GMA (M1) coated dry vascular implants were grafted with star-PEG by 
reacting the –NCO groups from the star-PEG molecule with the –NH2 groups from the PEI-
GMA. After dynamic washing with water, as described in the previous section, samples were 
dried and analyzed by FE-SEM, XPS and contact angle in water.  
In parallel, a neat PTFE vascular graft was tested for direct coating with isocyanate-
terminated star-PEG for comparison (GS1). The camical composition of the surface of that 
sample and its wettability were observed to remain unchanged (GS1, Table 1), compared to 
the initial substrate, as determined by XPS and contact angle measurements. Moreover, a 
negligible effective degree of surface coverage was determined with only 3% of the 
theoretical O content present in the surface, probably resulting from some physisorbed loosely 
attached star-PEG molecules. Thus, direct star-PEG grafting is inefficient.  
Meanwhile, samples G1 (M1 at 0,01 g/mL) and G3 (M1 at 0,1 g/mL) provided 
sufficient amount of NH2- groups for the star-PEG-NCO grafting and increased oxygen 
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content, 12 and 13 at%,  was measured for samples GS1 and GS2, respectively (Table 1). This 
oxygen content is twice lower than the theoretically expected values for a thick star-PEG 
layer. This may be explained by the formation of a relatively thin star-PEG-NCO layer that 
cannot completely hinder the spectra of the PTFE substrate and PEIMA coating below.  
From the XPS spectra (Fig. 5 – A&B) of the star-PEG-NCO grafted samples, it 
becomes evident that the peak of the carbonyl group from the PEI-GMA coating was still 
present for sample GS3 and not for GS2, , probably due to intensity below the detection limits 
of the method.  
 
 
Figure 5:  XPS spectra of star-PEG-NCO/PEI-GMA coated vascular grafts (A) GS2 and (B) GS3 
after 1 week washing. 
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The experimental F/O/N/C atomic ratio of the star-PEG-NCO grafted substrates 
differed from the theoretical one for star-PEG-NCO, since a monolayer of that polymer is not 
expected to have a thickness comparable to the probing depth of the method (≈ 10 nm) and 
thus to mask the underlying PEI-GMA layer and PTFE substrate. However, upon star-PEG-
NCO grafting a lower fluorine content was detected, for both PEIMA coating concentrations 
which is within the logic of an increasing coating thickness, since a double layer coating (GS2 
and GS3, Table 3) would be more efficient in hindering the spectra of the PTFE substrate than 
a single PEI-GMA layer.  
According to the calculations for βO and βF, grafting star-PEG on M1 coated substrate 
resulted in detection of 36-39% of the theoretical O content, while 33-45% of the theoretical F 
content was masked by this coating.  
The star-PEG-NCO layer influenced the hydrophilicity of the surface and a contact 
angle of 42°-43° was measured against water (Table 3). Other works dealing with 
hydrophilicity of PEG-ylated surfaces also report contact angle in the range between 40° and 
47° [19-21], which seems to be typical for that polymer. Obviously the degree of star-PEG-
NCO grafting is independent of the PEIMA coating concentration in the tested range. 
Star-PEG-NCO grafting brought a real risk of pore obstruction due to the formation of a 
very dense PEG-ylated network after crosslinking of the isocyanate groups from the 6-arm-st-
PEG molecules. Fortunately, FE-SEM observation on sample GS2 refuted this hypothesis and 
the initial microporous geometry of the vascular graft was again observed directly after 
modification (Fig. 6-A), as well as after 24h (Fig. 6-B) and 7 days (Fig. 6-C) of dynamic 
washing.  
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Figure 6: FE-SEM images of sample GS2 (PTFE vascular graft modified with 0,1 g/mL M1, 
and grafted with star-PEG-NCO) (A) not washed, (B) after 24 h, and (C) after 7 days pulsed 
washing with water 
 
 
A 
B 
C 
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3.3.3) BSA absorption tests 
As described in the introduction part of this work, decreased protein adsorption on the 
surface of the vascular graft would decrease the risk of clot formation. The affinity of the bare 
and modified vascular grafts to protein adsorption was tested with fluorescing bovine serum 
albumin (BSA) as model protein.  
From the micrographs shown in Fig. 7, it becomes evident that a large quantity of 
protein is adsorbed on the surface of the untreated PTFE substrate (Fig. 7 – A). It appears that 
the protein formed aggregates rather than a homogeneous layer. This aspect may be due to the 
microporous structure of the devices, where bright red spots represent PTFE surface with 
adsorbed BSA and dark spots are empty voids between structures. Hydrophobic interactions 
most probably occur between the PTFE vascular graft and hydrophobic part of the proteins, 
resulting in protein adsorption and possibly denaturation, as explained in the general 
introduction of this thesis [22]. Such interactions may induce clot formation, and result in 
vascular graft failure, as explained earlier.  
 
Figure 7: Fluorescent microscopic images of the neat and modified vascular grafts after BSA 
adsorption test (BSA – bright part): (A) neat PTFE T, (B) sample G1 (0,01g/mL M1), (C) 
sample G3 (0,1g/mL M1), (D) sample GS1 (pure st-PEG), (E) sample GS2 ( G1 + st-PEG), 
(F) sample GS3 (G3 + st-PEG) 
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Coating the PTFE substrates with increasing concentrations of PEI-GMA (G1 and G3, 
Table 1) increased the BSA adsorption, probably due to the formation of a more 
homogeneous and thicker PEI-GMA coating. In this case, it looks like the protein is 
tremendously adsorbing, due to the chemical composition of the coating which favors this 
phenomenon rather than hydrophobic interactions. The observations are well compatible to 
the literature results as mentioned in chapter 1. 
Both, bare or PEI-GMA coated PTFE were found to provoke strong protein adhesion 
which would be deleterious for the intended application in terms of clot formation. It is, 
therefore, important to impart the inner surface of the vascular graft with antifouling 
properties, while, the potentially advantageous hydrophilic coating in the 3D structure is 
preserved. 
When star-PEG was directly grafted to the neat PTFE substrate (GS1), protein 
adsorption quite similar to that of the neat PTFE vascular graft was observed,with regularly 
distributed BSA aggregates (Fig. 7-D). 
Fewer aggregates were observed for sample GS2 coated by 0,01 g/mL M1 and star-
PEG-NCO (Fig. 7-E), due to the presence of a non-homogeneous antifouling coating. No 
aggregates were observed on sample GS3 coated with 0,1 g/mL M1 and then by star-PEG-
NCO (fig. 7-F). In this case, the surface repelled completely the protein and no fluorescing 
BSA species were observed.  
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3.4) CONCLUSIONS 
During its in vivo application in the human body, a biomaterial should provide a proper 
biological response in contact with the body fluids. PTFE vascular grafts are critical in this 
aspect, since clot formation, bubble trapping, and poor gas and nutrient transport may occur 
during their application. 
In this study the possibility to hydrophilize the surface of the complicated three-
dimensional structure of very hydrophobic PTFE vascular grafts was investigated, by coating 
it with methacrylate-functionalized PEI. The coating supported by crosslinking of the 
methacrylic functions was successfully performed and was found to be highly effective when 
applied at higher graft solution concentration of 0,1 g/mL of polymer M1, as revealed by XPS 
measurements. The porous structure of the vascular grafts survived the modification, while 
the hydrophilicity increased significantly. 
However, stronger protein adsorption was observed on the PEI-GMA coated substrate 
when compared to the non-surface modified control sample. Therefore, a star-PEG-NCO 
coating was subsequently grafted to the inner side of the vascular graft in order to inhibit the 
protein adsorption. With sample GS3 almost no absorbed BSA was detected by the qualitative 
observation method used for the study. It is proposed that the descried two-step modification 
would be beneficial for the generation of biocompatible vascular grafts or stent. However, 
exhaustive testing in-vitro, and later in-vivo will be required to confirm this proposition. 
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CHAPTER IV 
 
 
SURFACE ACTIVATION OF POLYPROPYLENE FILMS BY 
ATMOSPHERIC PRESSURE PLASMA JET 
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4.1) INTRODUCTION 
In the last few decades, plasma treatment has been recognized as a very advantageous 
surface modification technique (activation and coating deposition) thanks to its ability to 
create high concentration of reactive species [1]. Numerous types of plasmas with various 
principles of plasma sourcing, operating at different conditions, such as power and pressure, 
have been developed and extensively tested. Most of these techniques work at reduced 
pressure, which is their main drawback, since (i) vacuum systems are expensive and require 
maintenance; (ii) load locks and robotic assemblies must be used to shuttle materials in and 
out of vacuum; (iii) the size of the object that can be treated is limited by the size of the 
vacuum chamber [1]. Atmospheric-pressure plasmas overcome the disadvantages of vacuum 
operating. However, challenges have been faced for obtaining and maintaining the relatively 
high voltages needed for these conditions, and often arcing occurs between the electrodes. In 
some applications, such as plasma torches, arcing is intentionally sought [2,3].  
Recently, an atmospheric pressure glow discharge plasma jet (APGPJ) has been 
developed which uses a special electrode design to prevent arcing (Fig. 1-A) [4]. The 
principle of its operational mechanism is explained in Chapter 1 (page 50) of this thesis. 
Guerra-Mutis et al [5] reported on the potential application of APGPJ, operating with 
helium gas in a refinery process for the liquid fuel purification.  
Later, Noeske et al [6] excited atmospheric plasma plasma jet (APPJ) for the treatment 
of five polymers, i.e. polyethyleneterephthalate (PET), polyamide 6, polyvinylidenefluoride 
(PVDF), polyethylene and polypropylene (PP) with nitrogen gas flow. The purpose to 
increase the adhesiveness of these polymers, was achieved by the formation of oxygen-
containing species and other functional groups. Atomic Force Microscopic (AFM) 
observation of the PET and PVDF surface before and after modification showed altering of 
the surface roughness, which was more pronounced for PET (Tm=533K). The authors 
suppose that these topological changes are mainly due to the relatively high temperature 
(600 – 1200 K) of the plasma jet, which may lead to melting and re-crystallization processes 
on the polymer substrate surface [7].  
In this study, we report on the APGPJ activation of the surface of PP films at a low 
frequency of 1,7 MHz. The impact of the gas flow composition, forward power and flow 
rate on the formation of oxygen- and nitrogen- containing functional groups was tested for 
argon, argon/nitrogen and argon/ammonium mixtures. The temperature at the plasma/PP 
interface was measured for each experiment in order to determine the optimal conditions for 
the activation. 
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4.2) EXPERIMENTAL PART 
4.2.1) Materials 
PP films (Goodfellow) with dimensions of 0,22 x 25 x 25 mm were consecutively 
washed with solvents of variable polarity, i.e. acetone, isopropanol and water. For each 
solvent, one static and two ultra-sound (15 min) washes were performed. The specimens 
were then dried under vacuum at 60 оС for 16 h.  
Argon (99,999% Westfalen GmbH), nitrogen (99,998% Westfalen GmbH) and 
ammonia (water free, Air products GmbH) were used for the gas flow mixture.  
4.2.2) Analytical techniques 
Water droplet contact angle (CA) measurements were performed on equipment G402 
(Kruess) with a drop-shape analyzing software DSAII and an average value was calculated 
for at least 5 measurements. Each measurement was performed 30 sec after the drop 
deposition. 
Zeta – potential measurements were carried out with equipment Anton Paar 
Electrokinetic Analyzer by streaming current and streaming potential. 
X-ray photoelectron spectroscopic (XPS) characterization was carried out using a 
Kratos Ultra system with a monochromatized Al Kα X-ray source. The base pressure of 
analysis chamber was approximate 6x10-8 Pa. Spectra were acquired in the contact analyzer 
energy mode using pass energies of 160 eV for survey spectra and 40 or 20 eV for detail 
scans. The collecting angle of photoelectrons was 0o with an analysis area of approximate 
0,3 x 0,7mm. The sample was neutralized with 2,6 eV electrons. 
The Fourier-Transform Attenuated Total Reflection Infrared Spectra were collected 
on a Thermo Nicolet Nexus 470 spectrometer with a spectral resolution of 4 cm-1 and 
germanium crystal Ge prism (25x10x3 mm) 45 °. 
Atomic force microscopy (AFM) analyses was performed on a Molecular Imaging 
PicoSPM scanning force microscope in acoustic mode, and silicon cantilevers “Nanoworld 
Pointprobe FM-W” (2.8 N/m, 70 kHz). 
The qualitative gas-phase reaction for determination of primary amino-groups by 
pentafluorobenzaldehyde (PFBA) was performed according to the procedure described 
in reference 8. Before analyzing the XPS samples were subjected to low pressure 7x10-3 bar 
and 40 °C temperature for 24h. 
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4.2.3) Plasma treatment technique  
A numerically controlled plasma jet (INP Greifswald e.V. , Pen Hangerück GmbH, 
Germany) operating at 1.7 MHz (LE Amplifier/Generator type: 1021, T&C Power 
Conversion Inc.) was used for the plasma activation, which was performed at a distance of 
3,5 mm between the plasma source and the substrate. The robotic arm of the plasma jet pen 
was moving with a speed of 0,12 m/min over the static PP surface. All samples were plasma 
– jet treated forthree times. 
The temperature of the plasma activated gas (see description in the Results and 
Discussion section) was anytime measured by a home-made installation with a platinum 
resistance thermometer (Fig. 1-B) situated at 3.5 mm distance from the nozzle of the plasma 
jet, equal to that between the nozzle and the PP surface during activation. In order to 
determine the reproducibility of the measurements, for reference conditions the temperature 
was determined in triplicate. Maximal value deviation of ± 3 oC was established, which is 
considered to be negligibly small compared to the temperature variations for different 
plasma treatment conditions (see Results and discussion). 
The exact plasma treatment conditions for each experiment are provided in Tables 1, 
2, 3 & 4. 
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Table 1: Experimental conditions of a series of APGPJ treatments of PP surface by 
argon at various forward powers and flow rates 
Sample name FP, W Ø Ar L/min 
R1 
30 
 
 
10 
R2 9,5 
R3 9 
R4 7,5 
R5 7 
R6 5 
R7 3 
R8 
25 
 
 
10 
R9 9,5 
R10 9 
R11 7,5 
R12 7 
R13 5 
R14 3 
R15 
20 
 
 
10 
R16 9,5 
R17 9 
R18 7,5 
R19 7 
R20 5 
R21 3 
R22 
16 
 
 
10 
R23 9,5 
R24 9 
R25 7,5 
R26 7 
R27 5 
R28 3 
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Table 2: Experimental conditions of APGPJ treatments of PP surface by argon/nitrogen at 
various nitrogen concentrations (XN2), flow rates and for two different forward powers, 16W 
and 30W. 
Sample name Ø Ar L/min Ø N2 L/min ΧN2=(ØN2/ΣØ)*100 
Ar/N 1 
3 
 
 
0,05 1,64 
Ar/N 2 0,1 3,23 
Ar/N 3 0,15 4,76 
Ar/N 4 0,2 6,25 
Ar/N 5 0,25 7,69 
Ar/N 6 0,5 14,29 
Ar/N 7 
5 
 
 
0,05 0,99 
Ar/N 8 0,1 1,96 
Ar/N 9 0,15 2,91 
Ar/N 10 0,2 3,85 
Ar/N 11 0,25 4,76 
Ar/N 12 0,5 9,09 
Ar/N 13 
7 
 
 
0,05 0,71 
Ar/N 14 0,1 1,41 
Ar/N 15 0,15 2,10 
Ar/N 16 0,2 2,78 
Ar/N 17 0,25 3,45 
Ar/N 18 0,5 6,67 
Ar/N 19 
7,5 
 
 
0,05 0,66 
Ar/N 20 0,1 1,32 
Ar/N 21 0,15 1,96 
Ar/N 22 0,2 2,60 
Ar/N 23 0,25 3,23 
Ar/N 24 0,5 6,25 
Ar/N 25 
9 
 
 
0,05 0,55 
Ar/N 26 0,1 1,10 
Ar/N 27 0,15 1,64 
Ar/N 28 0,2 2,17 
Ar/N 29 0,25 2,70 
Ar/N 30 0,5 5,26 
Ar/N 31 
9,5 
 
 
0,05 0,52 
Ar/N 32 0,1 1,04 
Ar/N 33 0,15 1,55 
Ar/N 34 0,2 2,06 
Ar/N 35 0,25 2,56 
Ar/N 36 0,5 5,00 
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Table 3: Experimental conditions of APGPJ treatments of PP surface by argon/ammonia at 
various ammonia concentrations (XNH3), flow rates and for two different forward powers, 
16W and 30W. 
Sample name Ø Ar L/min Ø NH3 L/min ΧNH3=(ØNH3/ΣØ)*100 
Ar/NH 1 
3 
 
 
 
0,05 1,64 
Ar/NH 2 0,1 3,23 
Ar/NH 3 0,15 4,76 
Ar/NH 4 0,2 6,25 
Ar/NH 5 0,25 7,69 
Ar/NH 6 0,5 14,29 
Ar/NH 7 
5 
 
 
 
0,05 0,99 
Ar/NH 8 0,1 1,96 
Ar/NH 9 0,15 2,91 
Ar/NH 10 0,2 3,85 
Ar/NH 11 0,25 4,76 
Ar/NH 12 0,5 9,09 
Ar/NH 13 
7 
 
 
 
0,05 0,71 
Ar/NH 14 0,1 1,41 
Ar/NH 15 0,15 2,1 
Ar/NH 16 0,2 2,78 
Ar/NH 17 0,25 3,45 
Ar/NH 18 0,5 6,67 
Ar/NH 19 
7,5 
 
 
 
0,05 0,66 
Ar/NH 20 0,1 1,32 
Ar/NH 21 0,15 1,96 
Ar/NH 22 0,2 2,6 
Ar/NH 23 0,25 3,23 
Ar/NH 24 0,5 6,25 
Ar/NH 25 
9 
 
 
 
0,05 0,55 
Ar/NH 26 0,1 1,1 
Ar/NH 27 0,15 1,64 
Ar/NH 28 0,2 2,17 
Ar/NH 29 0,25 2,7 
Ar/NH 30 0,5 5,26 
Ar/NH 31 
9,5 
 
 
 
0,05 0,52 
Ar/NH 32 0,1 1,04 
Ar/NH 33 0,15 1,55 
Ar/NH 34 0,2 2,06 
Ar/NH 35 0,25 2,56 
Ar/NH 36 0,5 5 
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Table 4: Experimental conditions of APGPJ treatments of PP surface by argon,  
argon/nitrogen and argon/ammonia at various concentrations of the nitrogen containing 
gas (ΧN2(NH3)),  flow rates and forward powers 
Sample name Ø Ar L/min Ø N2 L/min Ø NH3 L/min FP, W ΧN2(NH3)=(Ø N2(NH3)/ΣØ)*100 
Ar1 
10 
 
 
0 
 
 
0 
 
 
16 
0 
 
 
Ar2 20 
Ar3 25 
Ar4 30 
Ar/N 37 
9,5 
 
 
0,25 
 
 
0 
 
 
16 
2,56 
 
 
Ar/N 38 20 
Ar/N 39 25 
Ar/N 40 30 
Ar/NH 37 
9,5 
 
 
0 
 
 
0,25 
 
 
16 
2,56 
 
 
Ar/NH 38 20 
Ar/NH 39 25 
Ar/NH 40 30 
 
 
4.3) RESULTS AND DISCUSSION 
The APGPJ technique has been briefly introduced in Chapter 1 of this thesis. Indeed, 
the plasma jet equipment used for the present study is a commercial product composed of a 
radio-frequency (RF)-generator, a gas controller and a plasma pen. The plasma pen consists 
of two copper coils located oppositely one to another and insulated with dielectric material 
(of Figure 1). A gas or gas mixture with a controlled flow speed passes between the two 
electrodes gas. A generator provides the electrodes of the plasma pen with an electrical 
current in the radio-frequency range (1,7 MHz). Hence, an electric arc forms and dissociates 
the gas passing through. The gas, in its so called plasma state, distinguishes with high 
reactivity. Although information about the concentration and energy of the plasma formed 
by the test equipment was not provided by the manufacturer, not even for model gas 
systems, it may be supposed that the electron energy is in the range 1-10 eV according to 
literature [9]. However, the temperature of the plasma gas leaving the pen may be low 
because of expectedly lower concentration of active electrons [9].  
As it was evidenced in the introduction of this work, special attention should be paid 
on the temperature during polymer plasma activation, especially for materials with low 
melting point and surface micro-structuring for which lower plasma temperatures are aimed. 
It is indeed, one of the objectives of this work to select the activation parameters that would 
allow for stable activation of the polymer surface at low temperatures.  
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A B 
 
Figure 1: A) Schematic representation of APGPJ; B) Pt-resistance thermometer 
B 
146 
 
 
It should be stressed that with this practical instrumentation, the measured temperature 
should be considered relative, indicating the variation of heat amount brought by the plasma 
gas to the Pt-thermometer, and thus PP surface, for various gas compositions and feed rates. 
It is understandable that, since the heat conductance of Pt (71,6 W/m.K) and PP (0,1-0,22 
W/m.K) differ strongly, the number of Joules concentrated for a same surface on both 
materials may vary and would be most probably higher for PP [10].  
Therefore, morphological investigations were performed in parallel in order to 
investigate the influence of various plasma treatment conditions on the surface topography. 
The results are discussed in a following section.  
 
4.3.1) Influence of the forward power, gas flow rate and gas flow composition on 
the plasma temperature 
In a first series of experiments, the impact of the forward power (FP) on the 
temperature of the dissociated gas induced by the plasma on a Pt – 100 thermometer was 
tested using Ar flow rates (FR) from 3 to 10 L/min (Fig. 2). Expectedly, at low flow rate (< 
5 L/min) and high FP (> 25 W), the measured temperature at the tested surface-plasma pen 
distance is quite elevated and is higher than 100 oC. Such temperature may lead to local 
melting and re-crystallization of the PP film that has melting point of 160 oC. Upon increase 
of the gas flow rate (> 7 L/min) or decrease of FP (< 20 W), the temperature diminishes 
which is expected to be less detrimental for the polymer surface topography. 
It may be supposed that upon increase of the flow rate, the concentration of ionized 
species gets lower. Moreover, the stronger stream has a local cooling effect at the point 
where the plasma activated gas reaches the PP surface.  
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Figure 2: Influence of FP and the Ar flow rate on the plasma induced temperature of the 
thermometer. FP 30W (R1-R7), FP 25W (R8-R14), FP 20 W (R15-R21), FP 16W (R22-R28), 
Table 1 
 
In a second set of experiments, a second gas, nitrogen, was added in relatively low 
concentrations to the gas flow. Nitrogen is known for its higher reactivity in plasma 
compared to the noble gas argon [11]. Again, the plasma induced temperature was measured 
for varying gas flow rates for the two extreme forward powers, i.e. 16 W and 30 W. From 
the graphs of Figure 3, it may be seen that at the lower FP of 16 W (Fig. 3-A), the 
temperatures remain lower than 46 oC, whatever the gas flow rate and composition. By 
itself, the temperature of plasma gas from dissociated plasma pen is insufficient to destruct 
the polymer chains of PP film. 
Contrarily, for the higher FP of 30 W, stronger impact of the gas flow rate and 
composition on the plasma temperature was observed. Indeed, temperature comparable to 
those for the 16 W series were measured only for gas flow rates higher than 7 L/min and N2 
content of more than 0,2 L/min. 
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Figure 3: Influence of FP and the gas flow rate at various argon/nitrogen 
compositions on the plasma induced temperature of the Pt-100 thermometer. The test 
conditions are according to Table 2, for 3 L/min (Ar/N1÷Ar/N6); 5 L/min 
(Ar/N7÷Ar/N12); 7 L/min (Ar/N13÷Ar/N18); 7.5 L/min (Ar/N19÷Ar/N24); 9 L/min 
(Ar/N25÷Ar/N30); 9.5 L/min (Ar/N31÷Ar/N36)  
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When nitrogen was replaced against ammonia, slight variation of the plasma induced 
temperature was noted. Indeed, less than 50 oC were anytime measured when a FP of 16 W 
was applied (Fig. 4-A), which is comparable to the results for the argon/nitrogen mixture. A 
FP of 30 W affected the measured temperature in nearly the same rate as for nitrogen, 
increasing it above 50 oC and up to 70 oC for gas flow rates lower than 5 L/min (Fig. 4-B). 
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Figure 4: Influence of FP and the gas flow rate at various argon/ammonia compositions on 
the plasma induced temperature of the Pt-100 thermometer. The test conditions are 
according to Table 3, for 3 L/min (Ar/NH1÷Ar/NH6); 5 L/min (Ar/NH7÷Ar/NH12); 7 L/min 
(Ar/NH13÷Ar/NH18); 7.5 L/min (Ar/NH19÷Ar/NH24); 9 L/min (Ar/NH25÷Ar/NH30); 9.5 
L/min (Ar/NH31÷Ar/NH36) 
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Generally, for the gas compositions added with any of the reactive gases, N2 and NH3, 
significant changes of the plasma induced temperature were not observed for contents higher 
than 0,25 L/min. Therefore, for the subsequent characterization of the PP surface properties, 
samples treated at flow rate of 9.5 L/min for Ar mixed with 0,15 to 0,25 L/min N2 or NH3, 
were selected as optimal. 
 
4.3.2) Hydrophilicity of PP substrate after plasma activation with Ar, 
Ar/N2 and Ar/NH3 gas flow mixtures 
The purpose of the plasma activation of the intrinsically hydrophobic PP substrate is to 
modify its surface with reactive functional groups. It would certainly impact the water- 
wettability of these materials. Water contact angle (CA) measurements were performed for 
selected samples. 
The results of Fig. 5 and Fig. 6 show a dramatic decrease (> 20 o) of the CA of PP 
films after modification with 10 L/min Ar flow plasma at 16 W. Increasing the forward 
power did not change it significantly and 75o were measured at FP of 30 W compared to 98o 
for the neat PP substrate.    
Substitution of the pure Ar by an Ar-N2 (sample Ar/N37÷Ar/N40) or Ar-NH3 (samples 
Ar/NH37÷Ar/NH40) mixture led to even more hydrophilic surfaces, and contact angles 
between 58o and 63o were measured with any forward power.  
Only for comparison the contact angle of the PP substrates treated at some of the most 
critical conditions, in terms of temperature, e.g. Ar (9.5 L/min)/N2 (0.05 L/min) (sample 
Ar/N31), 30 W, is 66o, which is close to the other results for this reactive gas and signifies 
the efficiency of the surface hydrophilization for the entire range of parameters. 
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Figure 5: Contact angle water of droplets on neat and plasma treated PP for various 
FP and gas flow compositions;  10L/min Ar (Ar1÷Ar4);  9,5L/min Ar + 
0,25L/min N2 (Ar/N37÷Ar/N40);  9,5L/min Ar + 0,25L/min N3 
(Ar/NH37÷Ar/NH40), Table 4 
 
A  B  
Figure 6: Contact angle of water on (A) neat PP and (B) sample Ar4 
 
After six months conservation at ambient conditions, all prepared samples, were tested 
again by contact angle measurements. Maximum variations of about ± 2o were observed in 
all cases, which is comparable to the error of the measurement, and signifies the stability of 
the surface activation. 
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4.3.3) ATR-IR spectroscopy  
ATR-IR spectroscopy was used to analyze qualitatively the chemical composition of 
the surface top layer of the neat and argon plasma treated PP substrates (Fig. 7). 
 
Figure 7: ATR-IR spectra of PP surface before and after plasma activation by Ar (10 
L/min) at various FP: 16W (Ar1); 20 W (Ar2); 25 W (Ar3); 30 W (Ar4), Table 4 
 
Figure 7 shows the spectra of the neat PP substrate in comparison to those of the argon 
plasma activated ones at various forward powers. The band at 2922 cm−1 from the spectra of 
initial substrate is representative for the vibration of the CH2-group in the main PP polymer 
chain. On the same spectrum, the four large peaks at 2955 and 2873 cm−1, and 2922 and 
2843 cm−1 can be attributed to the CH3 asymmetric and symmetric stretching vibrations, the 
CH2 asymmetric and symmetric stretching vibrations, respectively [8,12]. Whilst the intense 
band at 1460 cm−1 may be caused either by CH3 asymmetric deformation vibrations or by 
CH2 scissor vibrations, that at1378 cm
−1 is related to CH3 symmetric deformation vibrations. 
Numerous small peaks are detected in the wavenumber range 1200–750 cm−1 and are related 
to C–C asymmetric stretching, CH3 asymmetric rocking and C–H wagging vibrations at 
1167 cm−1, CH3 asymmetric rocking vibrations at 998 cm
−1, CH3 asymmetric rocking and 
C–C asymmetric stretching vibrations at 974 cm−1, CH3 asymmetric rocking and C–C 
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asymmetric and symmetric stretching vibrations at 901 cm−1 and CH2 rocking vibrations at 
844 and 810 cm−1 [8]. 
In compliance with the contact angle measurements, the formation of hydrophilic 
groups is detected after Ar plasma activation (Fig. 7). A broad band between 3100-3350 cm-
1, and bands in the range of 1550-1700 cm-1 appear only for the argon plasma activated 
substrates and are typical for –OH and –C=O groups (from esters, carboxylic acid, 
aldehydes, ketones), respectively [8]. These groups are most probably leading to the 
increased hydrophilicty of the activated PP as discussed in the previous section. A peak at 
1647 cm−1 also appears after treatment, which is also due to the formation of aldehydes, 
carboxylic acids, carboxylates, esters at the surface [8]. 
Addition of a reactive gas, whatever N2 or NH3, to the gas flow, resulted in higher 
amount and more reactive species, as qualitatively determined by ATR-IR (Fig. 8).  
 
Figure 8: ATR-IR spectra of PP surface before and after plasma activation at FP of 30W by 
Ar (Ar4), Ar/N2 (Ar/N 40) and Ar/NH3 (Ar/NH40), Table 4 
 
The broad band in the range between 3050 and 3600 cm-1, which appears after plasma 
activation with Ar/N2 and Ar/NH3 gas flows, signifies the formation of –NH bonds (primary 
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and secondary amines) and –OH groups, the latter in higher amount compared to the surface 
treated only with argon. Once again, when N-containing gas was added to the argon flow, -
C=O groups were detected, but in much higher levels, probably due to the bigger reactivity 
of those gases compared to pure argon.   
The shoulder of the band at about 1250 cm-1 notifies the presence of C-N bonds more 
like due to the grafting of primary and secondary amines on the surface of the PP substrate 
when Ar/N2 and Ar/NH3 gas flows were used (Fig. 8). Such signals were not observed when 
pure Ar was used. These results are in compliance with the contact angle measurements and 
explain the stronger hydrophilicity of the PP substrates treated by the gas mixtures, rather 
than by pure argon.  
4.3.4) X-ray photoelectron spectroscopy 
For quantitative determination of the chemical composition of neat and plasma 
activated PP surface, XPS analysis was performed. Indeed, a small intensity peak at 532 eV 
for oxygen-containing species was observed for the initial substrate, probably related to 
partial, non-controlled oxidation during film manufacturing and storage Fig. 9). Here, the O-
content was estimated to be 1 at% only (Fig. 10).  
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Figure 9: XPS spectra of PP surface before and after plasma treatment at FP 30 W by Ar 
(Ar4); Ar/N2 (Ar/N40); Ar/NH3 (Ar/NH 40), Table 4 
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Figure 10: Surface composition of neat and Ar plasma treated PP at various FP 
16W (Ar1), 20 W (Ar2), 25W (Ar3), 30W (Ar4) according to Table 4 
  
APGPJ activation with pure Ar gas flow at FP 30 W, (Ar4, Table 4) resulted in 
increased intensity of this peak (Fig. 9) demonstrating the formation of larger amount of 
functionalities comprising oxygen. Similar spectra were collected for other samples treated 
with pure Ar.  
Addition of nitrogen or ammonia to the gas mixture, led to appearance of a peak at 
400 eV for nitrogen, arising most probably from N-containing functional groups formed on 
the surface.  
Determination of the atomic content for the detected elements revealed the presence of 
only 1 at% of oxygen on the initial surface, which may be related to the presence of some 
impurities or oxidized species (Fig. 10).  
For the samples treated by pure argon at the conditions of samples Ar1-Ar4, Table 4, it 
was observed that increasing FP resulted in increasing oxygen content from 11 at% at 20 W 
to 21 at% at 30 W (Fig. 10). This phenomenon may be explained by increasing plasma 
penetration depth at higher forward powers. 
Nitrogen present in the treatment gas mixture induced a strong increase of oxygen 
surface fraction but did not show changes of the surface composition upon changing FP 
(Fig. 11). It is not surprising, because saturation at the XPS detection limit depth of 10 nm is 
most probably achieved with this more reactive gas mixture even at the lowest forward 
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power tested. Thus, any further effect of the FP on the surface activation would not be 
detected with this technique and is most probably no longer desired.  
 
 
Figure 11: XPS surface composition of PP surface treated at the conditions of samples 
AR/N34 (Table 2) at FP of 16W 
 
As shown on Fig. 9, the addition of N2 to the gas flow mixture also resulted in the 
appearance of N-containing species on the PP surface (Fig. 11) although at relatively low 
content (1-3 at%).  
The presence of primary amines is of a particular importance because of their well-
known reactivity and potential for the formation of functional coatings, anti-microbial 
layers, patterns, etc [13-15]. To estimate whether the nitrogen is present as primary amine 
groups, a qualitative reaction using perfluorobenzaldehyde (PFBA, Scheme 1) was 
preformed according to procedure similar to reference 16.  
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Scheme 1: Qualitative reaction for the determination of primary amino groups by PFBA 
 
In order to be sure that only chemically reacted PFBA will be measured by XPS, all 
physisorbed residues were eliminated by subjecting the samples to very low pressure (7x10-3 
bar) at which the theoretical boiling point PFBA is about 1°C. Moreover, the temperature 
was increased to 40 °C, which is expected to result in even better purification.  
The samples from Fig. 11 were tested by this technique. XPS analysis of their surface 
showed the presence of a peak at 687 eV, typical for fluorine atoms (Fig. 12-A). 
 
A
. 
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Figure 12: XPS surface compositions of PP surfaces treated at the conditions of sample 
Ar/N 34, Table 2, (A) before and (C) after reaction with PFBA, (B) XPS spectra of sample 
Ar/N 34 treated at 16W after reaction with PFBA 
 
 Theoretically, five fluorine atoms should be detected for each primary amine N-atom 
reacted with a PFBA group. However, this ratio was not obtained whatever the plasma 
treatment conditions. Hence, F/N ratio of 4/1, 3/1 and 2/1 was measured for the PP samples 
treated at 16W, 20W and 30W, respectively, for the same argon/nitrogen mixture (Fig. 12-
B). The lower measured fluorine content may be explained by two phenomena: (i) the 
presence of non-reacted primary amine groups, which are not present on the top surface 
layer and are thus non-accessible for the PFBA molecules, (ii) nitrogen-containing groups, 
which are not primary amines, i.e. secondary amines, nitroxy functionalities, etc. Assuming 
that the second hypothesis is valid, it can be calculated that the content of primary amines, 
80%, 60% and 40%, decreases with increasing FP, 16W, 20W and 30W, respectively.  
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Surprisingly, when ammonia was used instead of N2, subsequent to PFBA-treatment 
the ratio between the N and F atomic content on the surface (Fig. 13) did not differ 
significantly from the result obtained with the Ar/N2 mixture. The same as depicted in Fig. 
13 was observed with other forward powers, and other NH3 volumetric contents in the gas 
flow mixture. 
 
 
Figure 13: XPS surface composition of PP surface after plasma activation (sample Ar/NH3 
FP of 30 W) (A) before and (B) after the qualitative reaction with PFBA 
 
4.3.5) Zeta potential 
The adsorption of water molecules with its dissociation equilibrium is responsible for 
the charge formation on pristine polymers [17]. For various pH, the charge of a surface 
changes due to equilibration interactions. At pH values exceeding the isoelectric point (IEP), 
the adsorption of hydroxide ions (HO-) dominates, whereas below the IEP adsorbed 
hydronium ions (H3O
+) give rise to a positive surface charge.  
IEP value of pH 3,5 was measured for both, PP and Ar treated surfaces. This value 
shifts to pH of 3,9, and 4,2 for the Ar/N2 and Ar/ NH3 treated substrates, respectively (Fig. 
14). Although small, this shift toward higher pH values speaks for the presence of (i) either 
smaller amounts of negatively charged functional groups, or (ii) both negatively and 
positively charged functionalities on the surface of the samples treated with N-containing 
gas mixtures. Association of this result with the results from the previous measurements 
suggests that the second admission is more probable.  
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Figure 14: Zeta-potential of PP surface before    and after plasma activation by Ar(10 
L/min)    , Ar (9.5L/min)/ N2 (0.25L/min)     and Ar (9.5L/min)/ NH3 (0.25L/min)     at FP of 
30W, Table 4 
 
When Ar is applied as treatment gas, a plateau is attained at a pH above 7.5, at which 
the –COOH groups, possibly present on the surface, are completely dissociated and 
contribute with the maximum number of negative surface charge, resulting in ζ-potential of 
approximately about - 45 mV. The latter value is significantly lower (< -30 mV) for the 
initial PP substrate and is attained at lower pH of about 6,5. This is typical for more 
positively charged surfaces and confirms the formation of negatively charged functional 
groups on the surface by Ar plasma. 
The ζ-potential at the plateau for the surfaces treated with N-containing gas mixtures is 
situated between those for the neat and Ar-treated PP samples. Here again, it may be 
suggested that along with the –COOH groups, some –NH2 groups are formed on the surface, 
which compensate the negative charge of the –COOH groups, and thus lead to decrease of 
the ζ-potential of the surface at the plateau with about 5 mV for the alkali pH. This effect is 
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more pronounced for the PP substrates treated by Ar/ NH3 mixture, for which decrease of 
the negative surface charge to – 35 mV at the plateau in the high pH region, was measured.   
4.3.6) Visual proof for the surface activation 
It is well known that usually stamping, writing or printing are not directly applicable 
on the surface of polyolefin materials such as PP, because of their very low polarity and thus 
incapability to interact with most of the dies, paints, inks, especially if they are polar ones. 
Since a plasma jet treatment was observed to impact the surface functionality and to 
increase polarity and functionality, it was supposed, that it would be much easier to apply 
ink on it. Therefore a simple writing test was performed with reference to non-treated and 
Ar, Ar/N2, and Ar/NH3 treated samples in order to visualize this modification (Fig. 15). Two 
types of non-permanent writing pens were used and it was observed, that the surface 
adhesiveness was improved after plasma activation and writing was possible independent of 
the used gas mixture. It was not the case for the non-treated PP samples, on which the ink 
did not adhere and writing was almost impossible. 
The method is recommended as a fast, and easy screening test to check for the 
occurrence of a change in surface polarity. 
 
Figure 15: Visualization of the writing ability for PP surface before and after plasma 
activation by Ar (Ar4), Ar/N2 (Ar/N 40), Ar/NH3 (Ar/NH 40), Table 4 
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4.3.7) Atomic Force Microscopy 
Up to now, the effective and efficient APGPJ surface activation of PP substrates was 
demonstrated at condition allowing for control of the treatment temperature. To verify the 
initially claimed preservation of the surface topography under these conditions, AFM 
characterization was performed.  
On the surface of the neat PP substrate relatively large crystalline spherolites were 
detected (Fig. 16-A) similarly to Mahlberg et al [18]. PP activated with the most thermally 
aggressive conditions using an argon/reactive gas mixture, e.g. Ar/N31 (Table 2) at FP of 30 
W (cfr infra), was selected for comparative AFM characterization. For this test, a relatively 
high plasma induced temperature of 75 oC was measured on Pt-100, while an efficient 
treatment was evidenced by the contact angle of 66o against water. For this sample, the 
general aspects of the surface morphology resisted the modification and spherolites (Fig. 16-
B, pointed by a white contouring line), similar to those from the neat substrate, were 
observed. They are even more visible at lower resolution (Fig. 16-C). However, at the 
nanolevel, the surface morphology of the APGPJ treated PP differs from that of the starting 
material by the presence of soft domains of about 50 to 250 nm diameter. They were most 
probably caused by higher amount of reactive species which altered the polymer chain 
organization and led to lower local crystallinity. Similar formations were detected by 
Mahlberg et al [18] for PP films activated by oxygen plasma, although the authors did not 
provide an explanation for their appearance. 
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Figure 16: AFM topographic images of PP surface (A) before and (B, C) after plasma 
activation with Ar/N31 (Table 2) at FP 30W 
For investigating the morphological changes occurring on the modified and 
unmodified surface upon hydratation, microscopic observations were also performed with 
AFM equipment, allowing for modulation of the humidity in the analytical chamber. No 
significant changes were observed for the initial PP film, upon increasing the humidity (Fig. 
1µm 
1µm 
10µm 
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17, A1-A3). This may be explained with the hydrophobic nature of the aliphatic substrate 
that intrinsically does not absorb water.  
On the other hand, similarly to the previous AFM observations (Fig. 16), the 
outermost layer of the surface of the Ar, Ar/N2 and Ar/NH3 treated films became 
topographically modified and the same nanodomains appeared for the three APGPJ plasma 
treatment compositions (Fig. 17, B-D). The density and the size of these domains varied 
together with their shape, and non-uniform domains were discovered on the PP film 
activated only by Ar (Fig. 17 – B), whereas their shape became spheroidal and their 
distribution more homogeneous after Ar/N2 and Ar/NH3 treatment (Fig. 17 – C,D). These 
supposingly more hydrophilic domains resisted to increased the humidity (RH > 80%) (Fig. 
17, B3-D3), although they seemed to swell. Indeed, swelling was evidenced by increase in 
the volume and height of the nanodomains for the Ar (Fig. 17 – B3) and Ar/N2 (Fig. 17, C3) 
in contrast to the surrounding surface, which means that parts of the PP surface were 
activated with more functional groups than others. In the meantime, the Ar/NH3 treated 
surface became smoother with lower contrast between the more hydrated and the less 
hydrated segments (Fig. 17 – D3), speaking for the formation of bigger amount of 
homogeneously distributed hydrophilic species.  
However, surface etching by plasma should not be neglected as possible factor 
increasing the roughness at the nanolevel.  
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Figure 17: AFM topographic images measured in  the dry state (A1-D1), at RH < 45% (A2-
D2) and at RH > 80% (A3-D3) of PP surface (A) before and after plasma activation at the 
conditions of sample (B) Ar 4, Table 4; (C) Ar/N 31, Table 2 and (D) Ar/NH 31, Table 3 at 
FP 30W 
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4.4) CONCLUSIONS 
In this study we demonstrated the effective and efficient activation of the surface of PP 
substrates by means of a very low frequency atmospheric glow discharge plasma jet 
(APGPJ) at conditions that allow good temperature control at the plasma/ surface interface. 
Long-lasting hydrophilization of PP was achieved utilizing different gas flow compositions, 
namely Ar, Ar/N2 and Ar/NH3, at various plasma treatment parameters. Generally, the 
addition of a N-containing reactive gas to the noble (Ar) gas flow decreased the plasma 
temperature and increased the amount and variety of reactive species on the surface. Indeed, 
even at milder parameters, i.e. forward powers, sufficient amount of reactive groups, such as 
–OH, -CHO, -COOH, primary and secondary amines, are formed. The presence of primary 
amines was evidenced by a qualitative reaction with perfuorobenzaldehyde. These groups 
are of essential importance because of their well known reactivity and potential for the 
formation of functional coatings, anti-microbial layers, patterns, etc.  
It was found particularly interesting that APGPJ is able to activate the surface of 
otherwise inert materials with relatively low melting point, at very mild and substrate-
friendly conditions, so that macroscopically their surface topography will be preserved. It 
has now been evidenced for polypropylene substrates, but may be applied to other polymers 
with poor thermal stability, such as polyethylene, polyurethanes, polybutadiene, nylon 12, 
etc, which surface micro- structuration would be strongly affected by other actually used 
plasma techniques.  
Unfortunately, no gas mixtures containing oxygen may be used with that equipment 
because of possible damage, according to producer specification. 
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5.1) INTRODUCTION 
Plasma treatment is a versatile tool toward facile and fast surface modification of various 
substrates with organic or inorganic nature. Generally, plasmas are used for the activation of 
inert substrates, deposition of selected coatings, cleaning, etching and sterilization [1]. Among 
these, plasma-assisted coating- formation has gained an enormous interest and may be applied 
for the selective surface modification of substrates made of material which does not dispose 
with the desired surface properties.  
There are few methods for coating formation by plasma. In a first attempt, a surface of an 
inert material, for instance polymer, such as polypropylene (PP), tetrafluoroethylene (PTFE), 
silicone (Si), etc., is first plasma activated, so that reactive functional groups are formed on its 
surface. These groups are then reacted with a coating substance (polymer, monomer, protein, 
dye, etc), providing the required properties, by immersion of the activated substrate in a 
solution or a melt of this polymer. The coating stability in that case is assured by the formation 
of a stable covalent link between the coating substance and the pre-activated substrate. During 
the modification, however, the unities already grafted to the surface may sterically impede the 
access of those in solution or in melt and thus prevent them from grafting [2]. As a result, 
coatings with poorly controlled grafting densities are formed, which, together with the two-step 
process, is a main draw-back of the method. 
In another approach, a coating is formed on the surface a substrate by plasma enhanced 
polymerization of a monomer used as plasma feeding gas [3,4]. This method has already been 
applied for the formation of perfluorinated coatings on various substrates, such as polyethylene 
[5], paper and cellulose [6], hydrogels [7], for example. This one-step coating procedure is 
advantageous when non-specific coating formation is purposed, but is limited by the number of 
coatings that may be formed, since not all monomers are usable as plasma feeding gases.  
Plasma spraying is another method, described in the scientific literature, somehow 
combining the above two-methods and leading to the formation of thick coatings (> 300 nm) 
[8]. Indeed, a coating substance applied by melting it, as a result of the high plasma 
temperature and energy, and is then deposited to the surface of a substrate [8,9]. Requirement 
for the coating substance in that case is to be stable in its molten state at the plasma treatment 
conditions. From the scientific literature, data were found only for the plasma-spraying of 
inorganic coatings, such as ceramics [9], zirconia [10], alumina [11], etc. on inorganic 
substrates, usually stainless steel [9-11]. 
For this work, the atmospheric pressure glow jet (APGPJ) technique was tested for the 
formation of a polymer coating on a model polymer substrate by means of the plasma-spraying 
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technique. APGPJ provides some interesting advantages, such as atmospheric operating 
pressure and, thus, no need of energy consuming vacuum generators; lower cost of the 
treatment; lower temperature at the plasma/polymer interface, which is compatible even with 
substrates with low melting point (PP, for instance with Tm = 160 °C) [12]. On the other hand, 
due to its pen-like construction, APGPJ generators may be used for surface patterning by 
modification of selected surface regions.  
Hydrophobic polymers like PP, find applications in various domains, where properties, 
mechanical such as stability, moisture or gas non-permeability, resistance against organic 
substances, etc. of the device are required for its entire life-time. However, in some cases, the 
device functionality would be improved, if its surface possesses certain reactivity, which would 
allow for applying a functional or protective or reactive coating. PP for instance is used for the 
fabrication of food and medical packaging, protective overcoats, for which printability, 
wettability and adhesiveness are needed [13]. The latter properties are not typical for the 
surface of this polymer and supplementary surface modification is required. For PP, this is 
conventionally done by a complex and environment polluting method, comprising acid 
cleaning of the PP surface, flame treatment for increasing the surface energy and coating 
application [13]. Plasma activation has already been widely described as alternative and has 
been recognized as more environmentally friendly and easy method [2,13,17,18].  
Polyethyleneimine (PEI), was selected as a model coating polymer, because it has a 
highly hydrophilic character and excellent water solubility compared to PP, and very 
interesting properties, such as polyelectrolyte nature, antibacterial potential, ability to 
complexate with anions [14]. 
The chemistry, topography, hydrophilicity and bacteriological activity of PEI coatings 
deposited on the surface of PP substrates by a standard dip-coating procedure after APGPJ 
activation and by plasma-spraying were compared.  
 
5.2) EXPERIMENTAL PART 
5.2.1) Materials 
PP films (Goodfellow) with dimensions of 0,22 x 25 x 25 mm were consecutively washed 
with solvents of variable polarity, i.e. acetone, isopropanol and water. For each solvent, one 
static and two ultra-sound (15 min) washing steps were performed. The specimens were then 
dried under vacuum at 60 оС for 16 h. 
Glycidyltrimethylammonium chloride (GtMAC), methacryloyl chloride (MAC) and 
glycidyl methacrylate (GMA), branched polyethylenimine (PEI, Mn=600 g/mol by gel 
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permeation chromatography (GPC), Mw=800 g/mol by LS 600g/mol) and dichloromethane 
(DClM) were obtained from Fluka GmbH and were used as received. The water-soluble 
initiator 2,2’-azobis (2-methylpropionamidine) dihydrochloride (AMPD). Argon (Ar, 99,999% 
Westfalen GmbH), nitrogen (N2, 99,998% Westfalen GmbH) and ammonium (NH3, water free, 
Air products GmbH) 
MilliQ water from a Millipore system was used as solvent. 
 
Plasma equipment 
A Plasma jet (Pen Hangerück GmbH) operating at 1.7 MHz equipped with a (LE 
Amplifier/Generator type: 1021, T&C Power Conversion Inc.) was used. Were used the gas 
flow mixture, which was numerically controlled. 
 
5.2.3) Characterization 
Contact angle (CA) measurements were performed with a Kruess G2-Mk4 . 
X-ray photoelectron spectroscopic (XPS) characterization was carried out using a Kratos 
Ultra system with a monochromatized Al Kα X-ray source. The base pressure of analysis 
chamber was approximate 6x10-8 Pa. Spectra were acquired in the contact analyzer energy 
mode using pass energies of 160 eV for survey spectra and 40 or 20 eV for detail scans. The 
collecting angle of photoelectrons was 0o with an analysis area of approximate 0,3 x 0,7mm. 
The sample neutralized with 2,6 eV electrons. 
Attenuated Total Reflectance Infra red (ATR-IR) spectra were collected on a Nexus 470 
with Ge prism (25x10x3 mm) 45 °. 
Field Emission Scanning Electron Microscopy (FE-SEM) was realized on Hitachi S-4800 
apparatus. Spectrometer Bruker 400 MHz was used for the 1H Nuclear Magnetic Resonance 
(NMR) measurements. 
SFM images were recorded by means of the acoustic mode with a “PicoSPM” scanning probe 
microscope (Molecular Imaging, USA). We used silicon FM-W cantilevers (NanoWorld, 
Switzerland) witha resonance frequency of 68–87 kHz, Force Constant 2.8 N/m. 
 
5.2.4) PEI functionalization by GMA  
200 mL of an aqueous solution of 1,68g PEI (0,2 M monomer units) were mixed with 
approximate 10mL of 0,5M NaOH until a pH 13 was obtained. The mixture was heated up to 
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80 °C and was then purged with argon for 15 min. GMA was then added drop-by-drop at 
concentration of 30 mol % with respect to the ethyleneimine monomer units was reached. The 
reaction was allowed to proceed for 4 hours [15,16]. The product was purified by three 
subsequent precipitation, in cold acetone and was dried under vacuum till constant weigh. It 
was then obtained as yellowish powder with yield a of 97 % for 1H NMR analysis. In the 
following sections this functionalized polymer will be briefly referred as PEI-GMA. 
 
5.2.5) PEI functionalization by MAC and –NH3
+ 
Step 1: PEI was first grafted by 30 mol % GtMAC. This reaction was performed by 
mixing 200 mL 0.2 M aqueous solution of PEI with the respective quantity of GtMAC and 
heating the mixture at 80o C for 4 h [15,16]. The product was purified by triple precipitation in 
cold acetone and dried under vacuum till constant weigh. It was then collected as yellowish 
powder with a yield of 97 % for analysis. In the following sections this functionalized polymer 
will be referred as PEI- NH3
+. 
Step 2: PEI- NH3
+ was then used for modification with 20 mol % MAC according to the 
reaction and purification conditions described earlier for the GMA functionalization. A 
yellowish polymer was obtained with a yield of 70 %. In the following sections this 
functionalized polymer will be referred as PEI-MAC- NH3
+. 
 
5.2.6) Dip-coating modification of PP films 
Step 1: APGPJ surface activation  
The surface of PP films was pre-activated by treatment with APGPJ at 30 W forward 
power (FP), 1.7 MHz frequency with either an Ar at a flow rate of 10 L/min, or mixtures of Ar/ 
N2 , or Ar/ NH3 at 9,5/0.05 L/min flow rates.  
Time between step 1 and step 2 is 1 min. 
Step 2: Reaction with MAC 
The pre-activated PP films were immersed in 0,1 M solution of MAC in DClM for 3 min 
at room temperature. The samples were then washed for three times in DClM in order to 
eliminate any non-reacted MAC molecules.  
Step 3: Reaction with PEI-GMA 
The MAC-functionalized PP films were then immersed in an isopropanol/water (25/75 
v%) solution of 0.1 g/mL PEI-GMA in the presence of AMPD (0,1 mol) for 10 min at room 
temperature. They were then dried in vacuum for 10 h at 60 °C and the grafting polymer PEI-
GMA was crosslink stabilized on the surface of the PP substrate by (i) UV- irradiation at 230 
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nm for 30 sec, (ii) thermal-irradiation at 80 °C for 30 min or (iii) plasma-irradiation at FP 30 W 
and 10 L/min Ar gas. 
The coated samples were then 3 times washed in water at 80 oC and dried at 0,1 mbar for 
10 h in order to eliminate any non-grafted molecules before CA, XPS, ATR-IR, FE-SEM 
characterization and antibacterial testing.  
5.2.7) Plasma-spray modification of PP films 
For this strategy, MilliQ water or aqueous polymer solution of PEI and its derivatives was 
ejected into a plasma spray flow as shown in Figure 1 at an ejection rate of 1 mL/h and 0,1 
mL/h. Ar was used as reactive plasma gas at flow rate of 10 L/min at 1,7 MHz frequency and 
FP 30 W or 40 W. PEI, PEI- NH3
+ and PEI-MAC-NH3
+ aqueous solutions were used for the 
spraying at 0.1 g/mL, 0.5 g/mL and 0.01 g/mL concentrations. 
The plasma-spray coated samples were then washed by three fold immersion in MilliQ 
water for 20 min each time and dried at 80 °C and dried at 0.1 mbar for 10 h before CA, XPS, 
ATR-IR, FE-SEM characterization and antibacterial testing.  
 
Figure 1:  Plasma spray system 
 
5.2.8) Antibacterial testing 
Gram-positive Staphylococcus aureus (S. aureus) were used as model bacteria for the 
antibacterial testing at concentration of 1,7 x 106 colony forming units (CFU)/mL. Nutrient 
solution with composition of 0,5 % Pepton (Casein) and 0,3 % meat extract at pH 7,0 was used. 
Samples with 1 cm x 1 cm dimensions and after pre-treatment at 80 °C for 24 h were used with 
no additional sterilization. The samples were positioned at the bottom of a Petri dish and added 
with 20 µL of the S. aureus nutrient solution containing 0,01% wetting agent. Exposure time of 
23 h and temperature of 25 °C, were applied. In a following step, the samples were added with 
2 mL nutrient solution and were shaken at 150 revolutions per minute (rpm) for 30 min on a 
thermal shaker (Heidolph) at room temperature. Aliquots of 200 µL were transferred from each 
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Petri dish to a microwell plate incubator/reader (GENIOS PRO, Tecan) and proliferation was 
monitored overnight at 37 °C and 1000 s shaking per cycle of 30 min by measuring the optical 
density of the sample at 612 nm (OD612). Each sample was tested in triplicate and 
reproducible data were obtained anytime.   
 
5.3) RESULTS AND DISCUSSION 
Aiming to compare of the two selected coating strategies, the results obtained for samples 
modified by dip-coating (Fig. 2) and plasma spraying (Fig. 3) will be discussed in parallel.  
 
5.3.1) Characterization of the chemical composition – CA, XPS and ATR-IR 
5.3.1.1) Dip-coating 
In a first step of the dip-coating modification, dry and clean PP films were subjected to 
plasma activation and three composition of the plasma supplying gas were tested at the 
respective gas flow rates, i.e. D1, D2, and D3. CA measurements for the three samples showed 
higher hydrophilicity compared to the initial PP film and increasing in the order D1 < D2 < D3 
with CA decreasing with 20-40° (Table 1). This has already been observed in a previous study 
[18] and may be explained with the functionalization of the PP surface by more hydrophilic 
species, such as –NH2 groups when Ar/ N2 and Ar/ NH3 are used as plasma feeding gases, this 
effect being more pronounced with the latter gas mixture. These observations are in accordance 
with the results obtained by Mason et al [2], who measured lower contact angles for PP films 
treated by Ar/NH3 plasma than only Ar, although in both cases the surface was more 
hydrophilic than initial PP.  
Indeed, XPS analyses of these samples revealed the presence of 3 and 4 at % nitrogen for 
the Ar/ N2 and Ar/ NH3 activated films, respectively, whereas no nitrogen was detected for the 
Ar activated sample. Meanwhile, oxygen in the range 11-16 at % (Table 1) was detected by 
XPS for the three sample types signifying the formation of oxygen-containing species, such as 
HO-, O=C- and HOOC-groups, for instance, which most probably contribute to the increasing 
hydrophilicity. Few amount of oxygen (1 at %) was also detected on the surface of the neat PP 
film, and, although not typical for the polymer composition, may be explained with partial 
surface oxidation during PP processing and storage.  
 Upon dip-coating of the pre-activated PP films in DClM solution of MAC, the functional 
groups (HO-, NH2-, HOOC-, for example), created on the PP surface by the APGPJ plasma 
were reacted with the MAC molecules. This modification aimed at insertion of polymerizable 
methacrylic units which may be later copolymerized with those from the PEI-GMA molecule. 
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The MAC grafting was confirmed first by the CA measurements, showing CA values 
comparable to that of the initial PP film, which may be due to the aliphatic nature of the MAC 
functionality. Indeed, the carbon double bonds and the methyl groups from the MAC units most 
probably tend to expose to the hydrophobic air during the CA measurement, and thus 
contribute to the strongly increasing hydrophobicity of the MAC-functionalized substrates.  
In parallel, XPS data for the same samples showed increasing carbon content with C in 
the range 94-95 at %(Table 1) , which also results from the aliphatic part of the grafted MAC 
units, that exposes to the hydrophobic environment and hides the O-containing species. Indeed, 
no nitrogen and lower oxygen content (5-6 at %) (Table 1) compared to the samples treated 
only by plasma (11-16 at %) (Table 1) were detected, signifying the tendency of these 
functionalities to bury themselves into the lower surface layers when exposed to hydrophobic 
environment, as air and vacuum.  
The theoretical composition of a surface completely grafted by MAC layer with a 
thickness comparable to the XPS probing depth (10 nm) would be 40 at % O and 60 at % C. 
This ratio, however, is very different from the experimental values, which most probably means 
that the MAC layer is less than 10 nm thick and the underlying PP substrate is also detected, 
thus increasing the C-content (Table 1). Such lower thickness would be sufficient if it provides 
enough methacrylic groups available on the surface for the following PEI-GMA grafting step. 
Indeed, when the MAC-functionalized films are immersed in the aqueous solution of PEI 
modified with methacrylic functions, physisorption of the polymer molecules on the film 
surface may occur, so that upon supplementary irradiation of the sample would initiate the 
decomposition of the initiator for radical polymerization (AMPD) and copolymerization of 
both types of methacrylic groups and crosslinking would occur. The formed PEI coating should 
distinguish with high stability, since it is covalently grafted to the PP surface, from one hand, 
and is crosslink stabilized, from the other. To verify that stability, the samples were extensively 
washed before analyses.  
CA measurements of the washed and dry samples showed values in the range 24-28° 
(Table 1), whatever the type of irradiation, UV, thermal or plasma, and the type of plasma 
activation (Ar, Ar/N2 or Ar/NH3) which is lower with more than 70° than that of the MAC-
functionalized substrate and the initial PP film. It means that hydrophilic PEI-coating has been 
successfully formed, also suggested by the XPS results obtained for the same samples, where 6-
8 at % N (Table 1) was detected after PEI-GMA grafting. The XPS data for the thermally 
crosslinked samples are presented in Table 1 and are very similar to those obtained for the same 
samples crosslinked by UV- or plasma-irradiation and, thus, not presented for clarity. 
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Figure 2: Steps of the dip-coating strategy 
 
 
 
Entry  
 
 
Sample  
 
APGPJ 
treatment 
[L/min] 
Contact angle [
o
] XPS analysis 
 
Plasma 
activation 
 
MAC 
 
PEIB-GMA 
Plasma activation MAC PEIB-GMA coating, thermal irradiation 
O1s 
exp 
N1s 
exp 
C1s 
exp 
O1s 
theor 
C1s 
theor 
O1s 
exp 
C1s 
exp 
O1s 
theor 
N1s 
theor 
C1s 
theor 
O1s 
exp 
N1s 
exp 
C1s 
exp 
D0 Untreated  - 101 1 - 99 - 
D1 Ar 10 78 102 28 ±2 16 - 84  
40 
 
60 
6 94  
15 
 
17 
 
68 
1 6 92 
D2 Ar+N2 9,5+0,05 66 105 26 ±4 11 3 86 6 94 2 7 91 
D3 Ar+NH3 9,5+0,05 61 104 24 ±3 13 4 83 5 95 3 8 89 
Table 1: XPS and CA data for the PP films treated by dip-coating 
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The surface chemical composition before and after coating was further analyzed by ATR-
IR for representative samples treated by Ar plasma, functionalized by MAC and coated by PEI-
GMA (Fig. 3). Generally, for all samples the modification, whatever activation, 
functionalization or coating, could not hinder the bands in the range 2700-3000 cm-1 and 770-
1500 cm-1 for the CH3, CH2 and CH stretching and bending vibrations of the underlying PP 
substrate, respectively (Fig. 3, A-D). This means that all these modifications do not provide a 
modified layer with thickness sufficient to cover the ATR-IR probing depth of approximately 1 
µm.  
Ar plasma activation of the inert PP surface, led to the appearance of bands in the range 
1550-1770 cm-1 corresponding to O-containing groups, such as C-O, C=O and COO from 
esters, carboxylic acids, ketons, aldehydes, alcohols (Fig. 3 – B), which remained present after 
all supplementary modification steps and are in accordance with the expected chemistry. For 
the MAC functionalized sample, a very slight augmentation of the absorbance in the range 
3200-3600 cm-1 signified the presence of some HO groups. 
According to the ATR-IR spectrum (Fig. 3-C), the MAC functionalization of the Ar pre-
activated sample, was successful, since stretching vibration band for the =C-H bond appeared 
at 3100 and 3180 cm-1 from the methacrylate unit. These bands disappeared after 
copolymerization with the methacrylic moieties from PEI-GMA, while a band at about 1700 
cm-1 appeared for the N-containing groups (NH, NH2, CONH) from the PEI-GMA coating 
(Fig. 3-D), which confirms its covalent grafting and crosslinking with the MAC units from the 
surface. 
These data are in good agreement with those from the previous characterizations by CA 
and XPS and prove the successful realization of all modification steps. 
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Figure 3: ATR-IR spectra of (A) unmodified ; (B) Ar (10 L/min) plasma activated ; (C) MAC 
functionalized and (D) PEI-GMA coated after Ar plasma activation PP films 
 
5.3.1.2) Plasma spray 
When plasma spray was selected as modification method, pure water or aqueous solution 
of PEI and its derivatives were tested as spraying liquids. It was expected that, under the 
influence of the plasma jet, the molecules from the liquid would be excited and would form 
radicals and ions simultaneously with the surface activation. Thus, the reactive species formed 
on the PP surface would to react and recombine with those from the activated solvent or 
polymer, and grafting of the solvent or polymer molecules would occur (Fig. 4).  
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Figure 4: Coating formation by the plasma-spray strategy, where R*, R•, R+ 
and R- are excited species, radicals, cations and anions, respectively 
 
Indeed, plasma spraying with pure water, altered the surface wettability of the PP film, 
decreasing its CA with about 20° for the two tested FP, 30 W and 40 W (entry 1, table 2) 
compared to the initial substrate (entry 1, Table 1) (Fig. 5, A). This may be explained with the 
formation of O-containing hydrophilic functional groups, such as HO-, for instance, which is 
also supposed by the XPS data, showing the presence of 17 at% oxygen on the surface 
modified at FP of 40W.  
Substituting water with aqueous solutions of PEI and its derivatives as spray liquids 
altered the surface wettability in an amazing way, being strongly dependent on the applied FP 
(entries 2-4, Table 2). When FP of 30W was used for the plasma jet, the coated surfaces 
expressed regions with CA similar to that of the water-spray treated one (77-83°) (Fig. 5, C), 
and other regions with more hydrophilic character and CA of 29° and even lower (Fig. 5, D). 
This was valid for the three tested PEI derivative and probably means that the coatings are not 
homogeneously covering the PP surface and, thus, some parts remain functionalized only by 
water, and others get coated by the polymer. This hypothesis, however, could not be proven by 
imaging methods, such as SEM or FE-SEM, for instance, because the surface was strongly 
affected by the electron beam, which will be discussed in a following section.  
Surprisingly, increasing the FP to 40W, resulted in a surface with similar wettability for 
its entire surface and CAs in the range 24-18° were measured for the three PEI derivatives 
(entries 2-4, Table 2) (Fig. 5, B), much lower than that of the initial PP film (101°) and of the 
one treated by water plasma-spray (entry 1, Table 2). It means that the composition of the 
grafted PEI-derivative did not have a significant influence on the coating wettability. A 
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probable explanation of this phenomenon might be the stronger ion and radical formation at the 
higher FP, which stimulate the polymer to interact in a more efficient way with the PP surface 
and a more stable coating is formed, which does not leave upon washing.  
For the XPS analyses, samples treated at FP of 40W were selected as more representative 
and, probably, homogeneously coated and oxygen content of 6-7 at % was detected (entries 2-
4, Table 1) and is comparable to the theoretical one for the grafted polymers. It is possible, that 
part of the grafted O-containing moieties are formed, however, out of the solvent – water as in 
the case of entry 1, Table 2. This is also supposed by the presence of N on the surface, which 
was not detected for the sample treated only by water spray, and is resulting from the PEI 
molecules.  
Indeed, in accordance with the theoretical tendency, most N was detected for the PP 
substrate plasma sprayed with solution of neat PEI (16 at%, entry 2, Table 2), although in a 
quantity two times lower than the theoretical one (33 at%). It speaks for a coating thickness 
probably lower than the XPS probing depth for which the underlying is again detected as in the 
previous cases (Table 1). However, in this case, it seems that the C-content is closest to the 
heoretical one, compared to the other two PEI-derivatives, namely PEI-NH3
+ and PEI-MAC- 
NH3
+, (entries 3&4, Table 2), although, it is not an absolute prove for the formation of a thicker 
coating.  
 As an un-doubtful proof of the polymer grafting may be recognized the presence of 
chlorine detected by XSP for the samples treated with PEI-NH3
+ and PEI-MAC- NH3
+, for 
which chlorine is present as contrions to the - NH3
+ groups (entries 3&4, Table 2). More 
interestingly, the theoretical N/Cl ratio for the two polymers is similar to the respetive 
experimental N/Cl ratio, which probably means that the chemical composition of the polymer 
has not been changed significantly durign the plasma spraying. The presence of the MAC units, 
being crosslinkable, was expected to increase the coating stability, which could nto, however, 
been evidenced by the CA and XPS measurement, for which similar results were obtained for 
the MAC-functionalized (entry 3, Table 2) and the MAC-non-functionalized (entry 4, Table 2) 
PEI.  
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Figure 5: Images of the water droplet during CA measurements of PP film treated with APGPJ 
spray system with (a) water at FP 40W; (b) PEI at FP 40W; (c) and (d) PEI at FP 30W 
 
A B 
D C 
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Entry  
 
 
Spraying solution 
 
 
Concentration 
[g/ml] 
Contact angle [o] 
 
XPS analysis 
 
 
FP 30W 
 
  
FP 40W 
FP 40W 
 
O1s 
theor 
N1s 
theor 
C1s 
theor 
Cl2p 
theor 
O1s 
exp 
N1s 
exp 
C1s 
exp 
Cl2p 
exp 
PPO a) 
        b) 
H2O 
 
- 80-83  
78-82 
- - - - 17 - 83 - 
PP1 a) 
       b) 
       c) 
PEI in H2O  
 
0,1 
 
24-26  
78-80 
 
 
20-21 
- 33 67 - 7 16 77 - 
PP2 a) 
        b) 
        c) 
PEI-NH3
+ in H2O 22-25 
77-80 
 
 
18-21 
5 23 67 5 6 
 
8 84 2 
PP3 a) 
       b) 
       c) 
PEI-MAC- NH3
+ in H2O  25-29 
81-83 
 
 
22-24 
7 20 68 5 6 
 
7 85 2 
Table 2: XPS and CA data for the PP films treated by plasma-spraying 
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ATR-IR spectroscopic analyses of representative plasma spray treated samples resulted 
in the conclusions similar to those for the sample coated by dip-coating with PEI-GMA (Fig. 
3-D). An exception is the PP film treated by water plasma spray, for which bands in the range 
1550-1770 cm-1 and a shoulder with poor intensity in the range 3200-3600 cm-1 appeared for 
the O-containing groups (Fig. 6 – B). For this sample no other new bands were detected, and 
the rest of the spectrum was similar to that of the initial PP film (Fig. 6-A).  
For the films plasma spray coated by PEI derivatives (Fig. 6 – C&D), band appeared at 
1700 cm-1 and may be again related to the N-containing species, especially NH, NH2 and 
NHCO from the PEIB molecule, and is in accordance with the chemistry of the coating. For 
these samples, the absorption of the large band in the range 3100-3600 cm-1 increased 
compared to the neat and the water-spray plasma treated PP, and may be explained with water 
absorbed by the very hydrophilic PEI coating.  
 
Figure 6 : ATR-IR spectra of (A) unmodified ; (B) H2O plasma spray treated; (C) PEI 
plasma spray coated and (D) PEI-GMA plasma spray coated PP films, at FP of 40W 
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The above results and discussions clearly demonstrate that the chemistry of the coating 
deposited by dip-coating and by plasma spraying is similar for similar coating compositions. 
This, however, does not mean that the surface topography would be the same, which is 
described in more details in the follwoing section. 
 
5.3.2) Characterization of the surface morphology – FE-SEM & SPM 
As it has been mentioned in a previous paragraph, observation of the surface 
morphology by scanning electron microscopy techniques (SEM and FE-SEM) was very 
difficult, because the PP substrate and the grafted PEIB coating melted and burned due to the 
high energy of the electron beam. Therefore, such characterization could not be properly 
performed for all samples and only representative examples have been selected and are 
presented in figure 7. However, before damaging of the surface by the electron beam, similar 
topography was observed for the other samples from a same treatment concept, although the 
images could not be recorded.  
Indeed, when dip-coating was applied on plasma pre-activated surface, coating 
consisting of aggregates with dimensions of 3-5 µm was observed, and the surface seemed to 
be non-homogeneously coated (Fig. 7, B) with roughness in the dry state that is significantly 
higher compared to that of a neat PP film (Fig. 7, A). Possibly, such morphology may be 
related to the formation of droplets of the aqueous solution of PEI-GMA during the dip-
coating process as a result of the high hydrophobicity of the MAC-functionalized PP surface 
(CA of 102°). Later on, when the PEI-GMA molecules are copolymerized with the MAC 
units from the surface, the initial droplets transform in aggregates, probably crosslinked due to 
homopolymerization of the GMA functional groups, which remain covalently grafted to the 
substrate.  
Such coating morphology may be expected to result in areas with lower and others with 
higher hydrophilicity, when PEI coating is absent or present, respectively. However, such 
phenomenon was not observed for the dip-coated samples, probably because the aggregates of 
PEI or its derivatives, being very hydrophilic, absorb immediately the water droplet during the 
CA measurement, get swollen and lead to low CA values.  
Contrarily, when plasma spray was used for the modification, better surface covering 
was observed by FE-SEM (Fig. 7, C), with no aggregates and with relatively flat topography 
comparable to that of the initial PP film (Fig. 7, A). In that case, the PEI deposition happens 
simultaneously with the formation of hydrophilic reactive species on the PP surface as a result 
of the plasma activation. As a result, the aqueous PEI solution wets better the hydrophilized 
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PP surface and a homogeneous coverage with PEI occurs, followed by immediate reaction 
between the plasma activated PP surface and PEI molecules. Covalent grafting and 
crosslinking provides the coating with stability sufficient to resist to the washing procedures. 
This effect is more pronounced for the plasma spraying at FP of 40W, compared to FP 30W, 
as mentioned earlier.  
On the image from Fig. 7- C, it may be seen that the coating looks like being cracked, 
which is probably a result of its drying before the FE-SEM observation, and may be 
considered as a proof for its crosslinked structure, since crosslinked samples tend to crack 
upon the tensile strengths occurring during their drying. However, rehydrating should lead to 
swelling of the coating and thus masking of the cracks. 
 
 
Figure 7: FE-SEM images of (A) neat PP film and PP treated by (B) dip-coating at the 
conditions of entry 2, table 1, and by (C) plasma spraying at the conditions of entry 2 (FP 
40W), table 2 
 
Atomic-force microscopic observation of the initial PP film and that coated by plasma 
spraying with aqueous PEI solution (entry 2, Table 2) were performed for varying humidity of 
the test chamber.  Flat surface with very few defects was observed for the neat PP film, 
A B C 
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whatever the humidity. This is, indeed, comprehensible, since PP is hydrophobic and, thus, no 
water sorption may be expected at increasing humidity and, therefore, changes are not 
observed.  
It was not the case for the sample coated by plasma spraying of aqueous PEI solution, 
where for humidity lower than 45%, coating with granular structure and grain size of about 
100 nm was observed. This observation was also valid for the topological SPM imaging, and 
may be explained with crosslinking of plasma activated PEI, sprayed on the PP surface as 
nano-droplets during the coating process. Increasing the humidity of the test chamber to 80% 
resulted in disappearance of the contour of these nano-grains, as a result of coating swelling 
and flattening. For these conditions only few larger aggregates (0.5-1 µm) were observed 
which probably result from the fixation of larger PEI containing droplets on the surface 
during the plasma spraying, which swell in water and get even more voluminous.  
 
 
Figure 8: SPM characterization of PP film before and after plasma spray treatment with 
PEIB aqueous solution at varying humidity of the test chamber 
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5.3.3) Antibacterial properties against S. aureus Gram-positive bacteria 
For sensitive applications, such as medical and food packaging, the bacterial growth on 
the device surface is strongly undesirable, since it may provoke the appearance of infections 
after the product consumption. In this case, surface treatment of the PP substrate (packaging 
film, device, tissue, etc.) may be treated in a way to impart it with anti-bacterial properties.  
The above-mentioned plasma spray technique seems to be quite suitable for the 
formation of coatings of various chemical nature by a simple one-step process. Such 
modification, except of being environmentally friendly, since water is used as solvent, leads 
also to homogeneous coating of the entire surface, which means that the surface would be 
equally active against bacteria.  
Gram-positive S. aureus was selected as model bacteria for the test and its suspension in 
the test medium was kept in contact with neat and selected surface modified PP films for 23 h. 
The bacterial suspension was then recuperated and bacterial growth was followed by 
measuring the optical density at 612 nm (OD612) of the bacterial suspensions by a standard 
technique, at intervals of 30 min for a 20 h period of incubation.  
From the graphs on figure 9, it may be seen that the measured optical density did not 
change for the samples coated by plasma spraying of aqueous solutions of PEI and its 
ammonium derivative, whatever the incubation time. It means that bacteria were no longer 
present in the test medium with almost 100% S. aureus growth inhibition (table 3, entries 
5&6). Therefore bacterial proliferation did not occured even after 20h of incubation. This 
observation confirms the antibacterial activity of surfaces coated by polyvinylamine 
(PVAm)/polyacrylic acid multilayers reported earlier by Illergård et al [19,20]. 
There are two mechanisms of biocidal activity of non-leaching surfaces described in the 
literature. One of them explains the bacterial cell death by penetration of its outer membrane, 
as result of phosopholipid resembling in contact with surfaces with amphiphilic character, 
such as polycations with hydrophobic modification [21-23]. 
According to Poortinga et al [24], a primar neutralization of the bacterial net-negative 
charge occurs when the bacteria meets a highly charged surface, since divalent cations, such 
as Mg2+ and Ca2+, are released from the bacterial cell due to entropy changes and lead to cell 
disruption. 
It is hard to say which of these mechansims is more probable, but clearly both of them 
depend on the bacterial cell/surface contact, which has to be efficient enough to provide the 
migration of new bacterial cells from the surrounding medium, once those in contact with the 
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surface are disrupted. Indeed, the potential of such surfaces to kill bacteria may be considered 
un-limited, since the surface chemistry is not changing with the time.  
However, a risk exists of bacterial growth passivation by the surface, once the bacteria 
get in contact with it [20]. This bacterio-statit state is not deleterious for the bacterial cell 
viability, at least for its lifetime, and does not mean that the surface is bactericidal.  
Whatever, according to Illergård et al [19,20], surfaces coated by polylamines, such as 
PVAm, most probably dispose with antibacterial activity as a result of divalent cations 
extraction, rather than bacterio-passivating one.  
Such activity was not observed for the other samples (Fig. 9) for which after 2h of 
growth preparation, mathematically called « lag phase » [20], the bacteria start growing 
exponentially by vegetative cell division for a period of about 8h, i.e. « log phase » [20]. With 
time, the number of dividing cells will get equal to that of the dying cells, thus marking the 
beging of the « stationary phase », after 10h of incubation in that case. For these samples, the 
« stationary phase » starts almost simultaneously with the « death phase », since it seems that 
the dying bacterial cells got more than the dividing ones and decrease of OD612 is observed 
from the 10th hour till the end of the measurement (20th hour). This phenomenon probably 
depends on the type of the selected bacterial strain.  
From the latter results, it is evident that the surface of the initial PP film, as well as that 
of the films treated by Ar, Ar/N2 and Ar/NH3 plasma, has no antibacterial activity with about 
0% S. aureus growth inhition (table 3, entries 1-4) after 23h of contact.  
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Figure 9: Optical density measured at 612 nm (OD 612) for various time of S. aureus bacterial 
growth for bacterial suspension after 23 h contact with PP films: (black line) neat; (brown line) Ar 
plasma activated (10 L/min); (blue line) Ar/N2 plasma activated (9/0.05 L/min); (green line) 
Ar/NH3 plasma activated (9/0.05 L/min); (orange line) PEI-NH3+ plasma spray coated; (red line) 
PEI plasma spray coated PP films at FP 40 W 
 
 
Entry  
 
Sample PP film 
Growth inhibition of  
S. aureus after 23 h 
contact 
1 Neat 0% 
2 Activated at Ar, 10 L/min flow rate 0% 
3 Activated at Ar, 9/ 0.05 N2 L/min   0% 
4 Activated at Ar, 9/ 0.05 N2 L/min  0% 
5 Plasma spray coated at FP 40 W and 0.1 g/mL PEI conc. 99.9999-100% 
6 Plasma spray coated at FP 40 W and 0.1 g/mL PEI-NH3
+ 
conc. 
99.9999-100% 
Table 3: Percentage of growth inhibition S. aureus after 23 h contact with treated or 
untreated PP films  
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5.4) CONCLUSIONS 
A novel technique for plasma deposition of a polymer coating on a polymer substrate 
was developed and tested in comparison with standard dip-coating. Inert and hydrophobic 
polypropylene films were used as model substrate and were coated by highly hydrophilic 
coatings of branched polyethyleneimine and its derivatives. The chemical nature and the 
wettability of the coatings formed by both techniques was found to be similar, with covalent 
grafting of the PEI molecules, and contact angles decreasing from 101° for the neat PP to 18-
25° for the PEI-coated ones. However, completely different morphologies were observed by 
FE-SEM with aggregates formed on the dip-coated surface against smooth coating on the 
plasma sprayed one.  
The coatings proved to be covalently grafted and stable upon washing with water, which 
would be of great importance for their further applications, especially in contact with aqueous 
liquids, such as physiological solutions or foods. For applications of this kind, a probable 
exigency would be for the coatings to dispose with bactericidal activity. This was tested with 
S. aureus as model bacteria, and about 100% bacterial growth inhibition was estimated for the 
samples plasma spray coated by aqueous solutions of PEI derivatives. It was not the case for 
the initial PP sample and those activated by plasma at various plasma gas compositions, 
which proves the role of the polycationic coating on this activity.  
From the obtained results it may be concluded that one-step plasma spraying leads to 
the formation of more homogeneous coatings with good stability and antibacterial activity, 
compared to the multi-step dip-coating technique. Another advantage of the plasma spray 
coating technique with environmental importance is the utilization only of water as solvent 
when hydrophilic polymer are concerned, whereas organic and usually very toxic solvents, 
such as dichloromethane, are used for the dip-coating. Moreover, it is obvious that no 
preliminary functionalization of the substrate and the grafting polymer is required, since the 
simultaneous plasma activation of both counterparts most probably leads to their covalent 
crosslink spoiling whatever their organic composition. This was evidenced for PEI and its 
derivatives, for which no significant difference was observed in terms of coating 
performances.  
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The main objectives of this thesis were to investigate new application fields for two of 
the basic aminated cationic polyelectrolytes, namely polyethyleneimine (PEI) and poly(vinyl 
amine) (PVAm) and their derivatives. The great potential of these polymers is related to their 
high charge density, which allows applications in the various scientific, industrial and bio-
medical fields. Various concepts for novel functional materials have been explored during this 
work, from antibacterial textiles to functionalized and polyelectrolyte coated surfaces.  
Chapter 2 of the thesis is oriented toward the preparation of membranes of electrospun 
PVAm nanofibers, of controlled fibre diameter. Being highly water soluble, this polymer was 
not expected to provide materials with sufficient stability in water, which would be a 
limitating considering bio-medical applications in contact with aqueous solutions. The fiber 
stability was improved by functionalization of the polyelectrolyte with crosslinkable 
functionalities prior to spinning. Thus, crosslink-stabilized mats were formed and their 
antibacterial activity was proven for model Gram-negative bacteria, namely Escherichia coli. 
Regarding their properties and stability, it may be asumed that these materials may find 
application as water filtration and purification devices, as well as medical bandages.  
Remaining in the medical device field, Chapter 3 explained a modification approach 
for coating poly(tetrafluoroethylene) (PTFE) vascular grafts by branched PEI and the 
subsecuent formation of a star-poly(ethylenr glycol) (PEG) layer, aiming at decreased protein 
adsorption. For that purpose, brancher-PEI was used as compatibilizer between the 
hydrophobic PTFE substrate and the hydrophilic star-PEG layer, which has not been 
described in the literature up to date. The aimed protein repellent properties of the formed 
coating were demonstrated by in vitro test with model protein, Bovine Serum Albumin. This 
is expected to be beneficial for decreasing the levels of clot formation during in vivo 
application of the device within the human body, which would certainly diminish the rate of 
post-operative complications. 
The stability of the latter coating on the surface of the vascular graft is result of 
hydrophobic interactions between the coating and the non-charged surface, as well as 
crosslink stabilization of the PEI layer.  
However, more stable coatings are expected to be formed on preliminarily 
functionalized surfaces, especially if covalent grafting is applied. This is not achievable for 
inert materials, such as PTFE and polypropylene (PP), for instance. Glow discharge plasmas 
are versatile tool, that has become very popular in the recent decades for the surface activation 
of such polymers.  
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Chapter 4 of the thesis aimed at optimizing the conditions of PP surface activation by 
Atmospheric  Pressure Glow Plasma Jet (APGPJ), a recently developed plasma technology, 
providing surface activation at substrate-tolerant temperatures. Indeed, reactive functional 
hydroxylic-, amine-, carboxylic- and other groups, were successfully created on the PP 
surface at mild conditions and minimum alteration of the surface topography. Mobility of the 
polymer segments from the top surface layer of the substrate, usually leads to dissapearance 
of the functional groups few hours, days or weeks after conventional plasma treatment. This 
phenomenon was not observed when the surface was activated by APGPJ, for which the 
surface remained reactive even after 6 months of storage at ambient conditions. This 
undoubtful advantage would certainly be of great industrial interest, since time schedule is of 
primer importance for manufacturers. 
For some applications, the relatively thin APGPJ functionalized top layer of the PP 
substrate would be unsufficient to provide some properties, such as antibacterial activity, for 
instance. Therefore, supplementary modification with a coating of selected polymer would be 
required.  
Chapter 5 of the thesis describes in a comparative way the formation of branch-PEI 
coatings on the surface of PP films by two techniques, (i) standard dip-coating and (ii) 
modified plasma spraying. Morphological observation of the coatings showed that plasma 
spraying provides more homogeneously coated surfaces with relatively flat coating, compared 
to heterogeneous grain-like coating obatined by the conventional method. From the other 
hand, the stability of the plasma-formed coating in water was sufficient, and it remained intact 
on the surface after exhaustive washing. This would be very important when applications in 
contact with aqueous solutions, such as physiological liquids would be concerned. Moreover, 
the cationic polyelectrolyte nature of the grafted-polymer, PEI, proved to impart the surface 
with antibacterial properties against Staphylococcus aureus, as model Gram-positive bacteria.  
Such properties would be potentially interesting for applications, like food and medical 
packaging, and medical device, for which bactericidal activity, combined with sufficient 
stability are required.  
The thesis, being broad in its range of investigations, provides some alternatives for 
potentially interesting applications of cationic polyelectrolytes with pendant amine groups. Of 
course, industrialization of these materials would be possible after supplementary 
investigation and up-scaling, for which the results described within this work might be a 
stable support.  
